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UNDERGROUND  OPENINGS  IN  ROCK 

Edward  James  Cording,  Fh.  D. 

Department  of  Civil  Engineering 
University  of  Illinois,  1967 

ABSTRACT 

Three  large  rock-bclted  underground  cavities  were  constructed  at  the 
Nevada  Test  Site.  Two  of  the  cavities,  approximately  100  feet  in  diameter 
and  140  feet  high,  were  constructed  at  a  depth  of  1300  feet  in  a  very  weak 
tuff  of  excellent  rock  mass  quality.  The  third  cavity,  approximately  60 
feet  in  diameter  and  80  feet  high,  was  constructed  at  a  depth  of  350  feet 
in  a  jointed  granite  of  high  intact  strength  and  fair  to  good  rock  mass 
quality . 

The  stability  of  the  cavities  was  monitored  throughout  construction 
by  measuring  rock  displacements,  observing  fractures  in  near-surface  rock, 
and  observing  the  behavior  of  the  rock-bolt  support  system.  Supporting 
field  and  laboratory  tests  were  performed  in  order  to  evaluate  intact  and 
in-situ  properties  of  the  rock  mass. 

Radial  movement  of  the  cavities  was  measured  using  extensometers 
anchored  at  various  depths  in  holes  drilled  from  the  cavity  surface.  Dis¬ 
placement  versus  depth  profiles  were  used  to  determine  the  depth  at  which 
rock  movement  was  concentrated.  By  comparing  rock  movement  with  excava¬ 
tion  and  support  progress,  a  continual  estimate  of  the  cavity  stability 
was  obtained.  Large  displacements,  or  large  rates  of  displacement,  were 
indicative  of  potentially  unstable  behavior.  Displacements  were  compared 
with  displacements  predicted  from  elastic  theory,  using  a  finite  element 


solution  and  simple  closed  solutions. 

Initial  measured  displacements  in  all  cavities  approximate  :  ' 
placements  predicted  from  elastic  theory  (0.02  inch  in  the  granH  • 

0.5  inch  in  the  tuff),  although  there  generally  was  a  great,' r  on  •  i  - 
tration  of  movement  in  the  shallow,  destressed  zones.  In  some  eases, 
continued  movements  occurred  which  were  related  to  opening  and  displace¬ 
ment  along  shallow  discontinuities.  In  the  granite,  shallow  movements  of 
approximately  0.1  to  0.2  inch  occurred  along  preexisting  joint  surfaces. 

In  the  tuff,  shallow  movements  of  1.0  to  2.0  inches  occurred  along  new 
extension  fractures  which  formed  through  the  intact  portion  of  the  rock 
mass.  The  fractures  formed  as  soon  as  an  area  was  excavated  and  were 
oriented  parallel  to  the  cavity  surface,  giving  the  tuff  cavities  an 
onionskin  appearance.  The  opening  of  shallow  fractures  and  joints  was 
minimized  by  prompt  placement  of  tensioned  rock  bolts. 

Large,  deep  movements  occurred  along  joint  and  bedding  planes  inter¬ 
secting  the  plane  surface  of  Tuff  Cavity  II.  Displacements  of  1.0  to  2.0 
inches  occurred  at  depths  between  10  and  30  feet  within  a  period  of  one 
week.  At  the  same  time,  bolts  broke,  bearing  plates  dished,  and  shear 
fractures  formed.  The  area  was  stabilized  by  placing  additional  long 
rock  bolts. 

From  a  study  of  underground  openings  reported  in  the  literature,  as 
well  as  from  observations  in  the  three  cavities,  it  was  found  that  a  defor¬ 
mation  modulus  can  be  used  to  estimate  stable  displacements  in  the  rock 
surrounding  openings.  (Relationships  were  established  between  rock  mass 
quality  and  the  deformation  modulus  of  the  rock  mass.)  However,  a  defor¬ 
mation  modulus  has  no  significance  for  large  discontinuous  movements, 


which  often  occur  when  stresses  are  reduced  by  excavation  of  a  rock  mass. 
Displacements  of  the  underground  openings  were  often  3  to  10  times  the 
displacements  predicted  using  a  deformation  modulus. 

The  orientation  of  extension  fractures  parallel  to  the  surface  of 
an  opening  suggests  the  applicability  of  an  extension  strain  failure 
theory,  where  the  limiting  strain  is  reached  when  the  bond  between  par¬ 
ticles  breaks.  This  implies  that  the  cohesive  or  tensile  characteristics 
of  the  rock  govern  extension  failure  phenomena. 

Rock-bolt  support  restrains  the  rock  mass  and  prevents  large  dis¬ 
continuous  movements  which  result  in  loosening  and  loss  of  strength  in 
the  rock  mass.  One  of  the  major  unknowns  in  designing  a  support  system 
is  the  amount  of  support  pressure  to  be  applied  to  the  rock  surface. 
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THE  STABILITY  DURING  CONSTRUCTION  OF  THREE  LARGE 


UNDERGROUND  OPENINGS  IN  ROCK 

CHAPTER  1 
INTRODUCTION 


1.1  GENERAL 

Three  large,  rock-bolted  underground  cavities  were  constructed  in  1965 
at  the  Nevada  Test  Site  as  part  of  the  Nuclear  Weapons  Effects  Test  Program 
of  the  Department  of  Defense.  The  engineering  design  and  inspection  of  the 
cavity  construction  were  the  responsibility  of  Fenix  and  Scisson,  Inc.  The 
construction  was  carried  out  by  Reynolds  Electrical  Engineering  Company. 
Professor  D.  U.  Deere,  University  of  Illinois,  was  consultant  to  Fenix  and 
Scisson,  Inc.,  for  recommendations  on  the  design  and  construction  of  the 
three  cavities.  During  the  first  six  months  of  construction,  the  writer 
was  employed  by  Fenix  and  Scisson,  Inc.  ,  as  a  field  engineer,  responsible  to 
Professor  Deere,  to  monitor  the  behavior  of  the  cavities. 

Two  of  the  cavities,  approximately  140  feet  high  and  100  feet  wide, 
were  constructed  at  a  depth  of  1300  feet  in  a  mesa  composed  of  a  relatively 
unjointed  tuffaceous  rock  of  very  low  strength.  A  third,  smaller  cavity 
was  constructed  at  a  depth  of  350  feet  in  a  granitic  stock.  The  rock  in 
this  location  had  high  intact  strength  and  was  moderately  jointed. 


1.2  MONITORING  PROGRAM  IN  THE  CAVITIES 


of  the  cavities  could  be  controlled  and  modified  as  necessary.  It  was 
particularly  important  that  the  cavities  in  tuff  be  closely  monitored,  ' 

because  of  the  large  size  of  the  openings  and  the  very  low  strength  of  the 
rock  (the  tangential  stresses  at  the  surface  of  the  cavities  exceeded  the 
intact,  unconfined  strength  of  the  tuff  specimens).  On  the  basis  of  the  ob¬ 
served  behavior,  modifications  to  the  construction  program  were  made.  The 
modifications  included  the  placement  of  large  amounts  of  cement  grout  at  low 
pressures  in  open  joint  systems,  and  also  included  the  installation  of  extra 
bolts  in  slabby  areas,  across  joint  zones,  and  in  zones  where  excessive  move¬ 
ments  were  observed.  Gunite  was  placed  as  required  in  areas  of  slabby  rock. 

Rock  behavior  was  monitored  continuously  so  that  potentially  unstable 
conditions  could  be  detected  in  enough  time  to  permit  the  application  of 
corrective  measures.  The  types  of  in- situ  behavior  which  could  be  observed, 
and  therefore  monitored,  were  rock-bolt  loads,  rock  fracturing,  and  rock 
displacement.  Rock-bolt  loads  were  measured  with  load  cells  or  were  esti-  * 

mated  by  observing  the  bending  of  bearing  plates  and  the  failure  of  rock- 
bolt  assemblies.  Rock  fracturing  was  observed  at  the  cavity  surface  and 
in  the  first  few  feet  of  open  boreholes.  Seismic  refraction  surveys  also 
provided  information  on  the  depth  and  nature  of  the  fractured  rock  sur¬ 
rounding  the  opening.  Rock  displacements  were  measured  with  multiple - 
position  extensometers  placed  in  boreholes  which  extended  radially  from  the 
cavity  surface.  Excessive  displacements  were  almost  invariably  associated 
with  rock  fracturing.  The  displacement  measurements  provided  an  estimate 
of  the  depth  and  areal  extent  of  zones  where  fracturing  (or  discontinuous 
movement)  was  occurring.  Because  the  displacement  measurements  were  sensi-  , 

tive  to  discontinuous  behavior,  they  were  relied  upon  to  provide  an  early 

* 

warning  of  unstable  conditions. 
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1.3  USE  OF  DISPLACEMENT  MEASUREMENTS  TO  ESTIMATE  STABILITY 


Displacement  measurements  have  been  used  increasingly  in  the  past 
decade  by  both  civil  and  mining  engineers  for  estimating  the  stability  of 
underground  openings.  Both  the  magnitude  and  the  rate  of  movement  have 
been  useful  in  estimating  stability.  Lang  (1964)*  describes  "unstable" 
deformations,  i.e.  "deformations  that  will  inevitably  lead  to  overall 
failure  or  collapse,"  as  deformations  which  have  an  accelerating  rate  with 
respect  to  load  or  with  respect  to  time  (load  held  constant)  (Fig.  l). 
Isaacson  (1958)  states:  "It  seems  possible,  then,  that  in  measurements  of 
underground  closure  any  significant  departure  from  progressive  flattening 
in  the  curve  obtained  by  plotting  strain  against  time  may  be  a  valuable 
indication  that  the  rock  is  not  approaching  a  state  of  stable  equilibrium 
and  that  there  is  danger  of  eventual  failure."  Another  means  of  estimating 
unstable  displacements  is  to  compare  the  magnitude  of  the  displacement  with 
the  theoretical  displacement  for  a  continuum:  large  displacements  with  re¬ 
spect  to  the  predicted  displacement  are  often  indicative  of  di s continuous- - 
and  possibly  unstable- -behavior. 

This  section  summarizes  some  of  the  available  information  on  the  de¬ 
formation  of  underground  openings.  The  displacements  observed  in  these 
openings  may  be  divided  into  two  major  types:  continuous  and  discontinuous. 
Continuum  behavior  may  include  elastic,  plastic,  or  creep  characteristics; 
the  criterion  is  that  continuity  between  elements  be  maintained.  Minor  dis¬ 
placements  occurring  in  the  vicinity  of  joints  and  fractures  may  be  con¬ 
sidered  part  of  the  continuum  displacement  of  the  rock  mass,  as  long  as 


*  Authors  and  dates  refer  to  list  of  references  at  end  of  text. 
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Fig.  1.  Stable  and  unstable  deformations 
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they  do  not  become  large  and  unpredictable  in  the  area  of  interest.  For 
many  rock  types,  the  continuum  displacements  may  also  be  considered  to  be 
elastic,  where  the  displacements  are  proportional  to  the  changed  stress 
conditions  which  occur  as  the  restraining  rock  is  excavated  from  the  vi¬ 
cinity  of  the  opening.  Elastic,  continuum  theories  may  be  used  to  predict 
these  displacements.  Even  though  the  behavior  is  not  perfectly  elastic, 
the  theory  provides  a  reasonable  answer  if  the  proper  deformation  modulus, 
at  the  stress  level  of  interest,  is  assumed. 

Elastic,  continuum  displacements  are  stable,  and  there  is  no  necessity 
for  restraining  this  movement;  in  fact,  the  elastic  movements  occurring 
upon  excavation  are  usually  due  to  such  large  stress  changes,  and  the  rock 
has  such  a  high  modulus  that  the  movements  could  not  be  restrained  by  any 
normal  type  of  rock  support  system.  In  most  cases,  supports  are  placed 
after  a  portion  of  the  elastic  movement  has  occurred.  If  the  supports  are 
placed  prior  to  the  elastic  movement,  they  must  be  capable  of  deforming 
with  the  rock  mass. 

The  second  type  of  displacements  common  in  a  rock  mass  is  the  dis¬ 
continuous  movement  which  occurs  along  joints  and  newly  formed  fractures. 

It  is  this  type  of  displacement  which  is  indicative  of  unstable  conditions. 
Discontinuous  displacements  are  not  proportional  to  stress  but  occur  when 
some  yield  or  failure  stress  is  exceeded  along  a  discontinuity.  They  often 
take  place  with  time,  as  deterioration  and  progressive  failure  of  the  rock 
occur.  It  is  therefore  important  that  discontinuous  movements  be  re¬ 
strained  as  soon  as  possible  to  prevent  continued  failure  and  the  buildup 
of  large  thicknesses  of  failed  rock  which  must  be  artificially  supported. 

The  concept  of  strain  loses  its  significance  for  discontinuous 
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behavior.  Large  movements  occur  across  very  small  distances,  making  it  im¬ 
possible  to  determine  an  average  displacement  per  unit  length.  Thus,  con¬ 
tinuum  theories  are  not  adequate  for  estimating  large  discontinuous  move¬ 
ments  . 

Discontinuous  behavior  is  most  pronounced  for  unloading  conditions, 
such  as  occur  during  the  excavation  of  openings,  as  stresses  are  relieved 
at  the  rock  face  allowing  loosening  and  opening  along  fractures.  The 
amount  of  discontinuous  movement  depends  to  a  large  extent  on  the  nature  of 
the  rock  support.  The  support  pressures  required  to  maintain  the  stability 
of  the  rock  mass  are  usually  quite  small  with  respect  to  the  stress  changes 
caused  by  excavation  of  the  opening,  particularly  if  the  supports  are  in¬ 
stalled  before  large  discontinuous  movements  begin  to  occur.  However,  if 
the  rock  is  improperly  restrained,  the  rate  of  movement  becomes  unstable — 
and  has  an  increasing  rate  with  respect  to  time  or  load— until  failure  occurs 
by  the  falling  out  of  slabs,  failure  of  the  support,  or  closure  of  the 
opening. 

Rooms  in  Bedded  Deposits:  Jonathan  Mine,  Zanesville,  Ohio 

Some  of  the  earlier  displacement  measurements  reported  in  the  litera¬ 
ture  were  made  in  unsupported  test  rooms  in  bedded  deposits  by  the  U.  S. 
Bureau  of  Mines  (Merrill,  1954,  1957,  1958)*  At  the  Jonathan  Mine, 

Zanesville,  Ohio,  the  rock  consists  of  bedded  shale  and  limestone  of  ex¬ 
cellent  quality,  having  very  few  joints  perpendicular  to  the  bedding  capable 
of  forming  detached  blocks  of  rock.  In  one  series  of  tests,  the  sag  of  the 
roof  was  measured  as  the  size  of  the  room  was  enlarged.  In  another  series, 
compressed  air  was  introduced  into  a  bedding  plane  separation  above  a  20- 
inch  limestone  roof  layer  in  a  50-  by  100-foot  room.  The  sag  of  the  roof 
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layer  and  the  surface  strains  were  measured  as  the  air  pressure  was  in¬ 
creased.  Changes  in  air  pressure  produced  almost  immediate  changes  in  the 
roof  strain  and  sag.  As  failure  was  approached,  the  rate  of  deflection  and 
strain  in  the  roof  layer  increased  with  respect  to  the  applied  pressure 
(Fig.  2).  Although  an  increase  in  fractures  was  not  visually  observed, 
the  increased  roof  deflection  was  accompanied  by  a  corresponding  increase 
in  the  microseismic  noise  rate  which  indicated  that  new  fractures  had 
formed.  At  failure,  rock  spalls  occurred  in  the  roof  along  the  boundaries 
of  the  room,  and  pieces  1  to  6  inches  thick  and  1  to  5  feet  square  fell 
from  the  center  of  the  room. 

In  the  first  series  of  tests,  roof  sag  was  measured  using  convergence 
extensometer  measuring  rods  attached  to  fixed  points  in  the  floor  and  roof 
of  the  opening.  Stratascopes  were  used  in  boreholes  to  visually  observe 
the  amount  of  bedding  plane  separation. 

Remote  reading  instruments  were  required  for  the  20- Inch  roof  layer 
which  was  tested  to  failure.  To  measure  roof  sag,  rotary  potentiometers 
were  used.  Wires  attached  to  rods  fixed  in  the  roof  and  floor  were  wrapped 
around  the  potentiometer  pulleys.  Constant  tension  in  the  wires  was  main¬ 
tained  by  a  deadweight  system.  The  strains  in  the  roof  layer  were  deter¬ 
mined  using  a  telescoping  rod  attached  to  fixed  points  on  the  roof  surface. 
A  differential  transformer  attached  to  the  rod  provided  an  electrical  read¬ 
out  of  the  rod  displacement. 

The  20- inch  roof  layer  was  analyzed  using  the  theory  for  a  gravity 
loaded  beam  with  ends  clamped.  The  extreme  fiber  stress  computed  at 
failure  agreed  closely  with  the  modulus  of  rupture  determined  from  labora¬ 
tory  tests.  The  in-situ  modulus  determined  from  the  pressure-deflection 
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(MERRILL  AND  MORGAN,  1956) 


Fig.  2.  Sag  and  strain  versus  pressure,  bedded 
limestone  roof  slab,  Jonathan  Mine 
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CALCULATED  FIBER  STRESS  ON 
SURFACE  OF  SLAB,  PSI 


measurements  was  initially  11  X  10  psi,  agreeing  closely  with  the  labo¬ 


ratory  modulus  of  10.4  X  10^  psi.  Although  the  laboratory  stress- .’train 
behavior  was  approximately  linear  to  failure,  the  calculated  in- situ 
modulus  decreased  from  11  X  10^  psi  to  2  X  10^  psi  as  failure  appr  ached 
(Fig.  2).  This  is  an  example  of  the  unstable  deformation  criteria  de¬ 
scribed  by  Lang  ( 1964) --increasing  deformation  rate  with,  respect  to  load. 

It  is  apparent  that,  as  failure  approached,  increased  inelastic  behavior 
consisting  of  discontinuous  movements  along  new  and  previously  formed 
fractures  occurred  in  the  roof  layer. 

The  movements  due  to  the  changes  in  the  stress  field  surrounding  the 
opening  formed  a  relatively  insignificant  part  of  the  measured  deflections 
and  were  not  analyzed.  In  other  examples  to  be  presented  in  this  section, 
the  deflections  due  to  the  changed  stress  field  around  the  openings  are  of 
much  greater  importance,  and  the  analysis  must  consider  these  effects. 

Beam  theory  is  not  applicable  to  these  cases;  it  should  be  limited  to  situ¬ 
ations  as  described  above,  where  the  roof  layers  can  be  analyzed  as  dis¬ 
tinct  beams  which  separate  from  the  overlying  beds. 

Room  and  Pillar  Mines:  White  Pines  Mine,  Michigan 

Displacement  measurements  were  made  in  a  room  and  pillar  test  stope 
at  the  White  Pines  Mine  to  determine  the  feasibility  of  mining  at  depths 
greater  than  2000  feet  (Scott  and  Parker,  1964).  Movement  occurred  in  both 
the  roof  and  floor  of  the  stope  in  response  to  the  stress  changes  around 
the  openings  as  they  were  excavated.  (Approximately  40$  of  the  total  con¬ 
vergence  consisted  of  floor  heave . )  In  contrast  to  the  observed  movement 
in  the  Jonathan  Mine,  only  a  slight  portion  of  the  total  convergence  was 
attributable  to  gravity  forces  in  the  immediate  roof  slabs. 


The  test  stope  covered  an  area  250  by  350  feet  at  a  depth  of  2200  feet 
in  a  bedded  sandstone,  silt  stone,  and  shale.  Within  this  area,  20-foot¬ 
wide  by  15-foot-high  drifts  and  crosscuts  were  mined,  leaving  30-  by  40- 
foot  pillars.  The  stope  was  mined  in  two  passes.  During  the  first  pass 
the  drifts  and  alternate  crossdrifts  were  mined.  In  the  second-pass 
mining,  the  remaining  crossdrifts  were  excavated,  increasing  the  total  ex¬ 
traction  from  56  to  66$.  Roof  support  consisted  of  4-  and  7-foot  bolts 
on  4- foot  centers. 

Movements  were  measured  by  leveling,  using  a  Wild  NIII  precision  level 
and  an  invar  leveling  rod.  The  invar  rod  was  attached  to  fixed  points 
anchored  at  depths  from  6  inches  to  20  feet  in  the  floor  or  roof.  Mea¬ 
suring  stations  were  placed  during  the  first-pass  mining. 

The  results  of  the  measuring  program  showed  that  a  general  roof  sub¬ 
sidence  of  approximately  3  to  4  mm  and  a  floor  heave  of  at  least  2  mm 
occurred  in  the  center  portions  of  the  stoped  area,  due  to  mining  of  the 
stope.  (The  total  convergence,  or  pillar  shortening,  was  therefore  5  to 
6  mm.  )  Roof  subsidence  was  smaller  near  the  edge  of  the  stoped  area. 
Superposed  on  the  general  roof  subsidence  of  3  to  4  mm  was  an  additional 
roof  sag  of  approximately  1  mm  which  occurred  between  pillars.  This  was 
most  pronounced  at  intersections,  where  the  minimum  clear  span  was  approxi¬ 
mately  30  feet.  It  is  possible  that  additional  floor  heave  also  occurred 
between  pillars,  but  measurements  were  not  made  at  these  locations.  In¬ 
creased  roof  displacement  occurred  in  the  vicinity  of  fault  zones. 

A  large  increase  in  roof  displacement  occurred  during  second-pass 
mining:  2.5  mm  of  the  total  4  mm  displacement  occurred  during  the  initial 
pass  when  56$  of  the  ore  was  extracted;  an  additional  1.5  mm  occurred 
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during  the  second-pass  mining  when  the  extraction  was  in  Teased  from  to 
66$.  It  was  observed  that  the  amount  of  pillar  spall  (extension  type 
fractures)  also  increased  during  the  second-pass  mining.  Even  th  ugh  the 
total  stress  on  the  pillars  was  probably  less  than  n< -f  urtl;  the  ir 
crushing  strength,  it  seems  apparent  that  the  increased  lead  applied  to  the 
pillars  caused  a  significant  increase  in  the  amount  of  inelastic  behavior 
of  the  pillars--in  this  case  exhibited  as  shallow  spalling  cf  the  pillars. 

The  relative  displacements  between  the  rock  surface  and  the  20-foot 
depth  were  quite  small,  indicating  that  significant  shallow  roof  sag  and 
bed  separation  were  not  occurring.  Measurable  rock  movement  to  a  depth  of 
approximately  250  feet  from  the  opening  would  be  expected  for  a  stope  of 
this  size. 

After  the  stope  was  completed,  small  additional  movements  occurred. 

The  rate  of  movement  decreased  with  time,  indicating  a  stable  condition. 
However,  in  one  instance  during  mining,  a  significant  increase  in  the  rate 
of  movement  occurred  at  one  of  the  roof  stations.  The  increased  movement 
occurred  only  in  the  shallow  roof  zone;  no  increase  was  observed  at  the 
20-foot  depth.  The  area  was  roped  off  and  a  small  roof  fall  occurred. 

Most  of  the  displacements  which  occurred  in  the  stope  -an  be  analyzed 

using  elastic  theory.  Young's  modulus  determined  from  laboratory  test.;  n 
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intact  specimens  was  6  x  10°  to  7  X  10  psi.  The  in-situ  deformat i  n  h- 
ulus,  determined  from  pillar  shortening,  is  approximately  >i  X  10°  psi  for 
first-pass  mining,  and  3  X  10^  psi  for  first-  and  second-pass  mining  com¬ 
bined.  The  presence  of  in-situ  discontinuities  is  undoubtedly  responsible 
for  the  low  in-situ  modulus.  The  lower  modulus  is  a  result  of  a  certain 
amount  of  inelastic  behavior  due  to  local  spalls  and  movement  along  j<  ints 
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and  fractures.  The  decrease  in  in- situ  modulus  with  increased  extraction 
indicates  that  further  extraction  might  cause  large  inelastic  movements  and 
possible  failure  of  the  pillars.  However,  most  of  the  observed  movements 
were  fairly  uniform  and  reasonably  predictable.  Gross,  discontinuous  move¬ 
ments  did  not  commonly  occur.  Thus,  the  movements  indicated  that  the  over¬ 
all  stability  of  the  stope  was  maintained. 

Multiple  Openings 

In  the  previous  examples  the  movements  occurring  during  excavation  of 
an  opening  were  described.  This  section  describes  the  behavior  of  openings 
already  excavated  which  fall  within  the  zone  of  influence  of  nearby  mining 
operations.  The  situation  commonly  occurs  when  a  large  area,  such  as  a 
stope  or  block-caved  mine,  is  excavated  in  the  vicinity  of  an  access  drift. 
The  stresses  previously  existing  around  the  drift  are  changed  by  the  nearby 
excavation,  in  some  cases  to  such  an  extent  that  distortion  and  failure  of 
the  drift  occur.  In  other  instances  the  change  in  stress  is  so  small  that 
the  movements  in  the  drift  can  be  predicted  from  elastic  theory. 

Climax  and  San  Manuel  Mines.  Merrill  and  Johnson  (1964)  observed 
the  movement  in  unlined  and  concrete-lined  drifts  located  15  to  45  feet 
below  block-caving  areas  of  the  Climax  Molybdenum  Mine,  Colorado,  and 
the  San  Manuel  Copper  Mine,  Arizona.  The  openings  were  subjected  to 
abrupt  and  large  changes  in  stress  during  caving.  These  changes  fre¬ 
quently  produced  minor  failures  that  damaged  the  lining  of  the  openings. 

In  some  cases,  major  failures  occurred  which  required  the  use  of  addi¬ 
tional  support. 

As  the  block-caved  region  approached  the  drift,  vertical  stresses 
built  up  in  the  abutment  rock  ahead  of  the  caved  region  and  caused 
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distortion  of  the  drift.  The  vertical  diameter  decreased  and  the  horizontal 
diameter  of  the  drift  increased  under  these  changed  stress  conditions.  Lo¬ 
cal  failures  often  occurred  around  the  drift  due  to  the  increased  vertical 
stress:  tension  cracks  up  to  0.5  inch  wide  occurred  in  the  roof:  local 
crushing  and  spalls  occurred  in  the  side  walls.  As  the  caved  region  passed 
over  the  drift,  the  vertical  stresses  were  relieved  and  the  horizontal 
stresses  increased,  causing  an  increase  in  the  vertical  diameter  and  de¬ 
crease  in  the  horizontal  diameter  of  the  drift.  Local  failures  also  oc¬ 
curred;  in  this  case  the  tension  cracks  were  in  the  side  walls  and  the 
splintered  and  spalled  rock  in  the  roof  and  floor. 

Instrumentation  in  the  drifts  consisted  of  electrical  resistance  strain 
gages  embedded  in  the  concrete,  Whittemore  extensometers  to  measure  surface 
displacements  between  points  10  inches  apart,  convergence  extensometers  to 
measure  the  change  in  diameter  of  the  drifts,  and  Carlson  strain  meters 
(extensometers)  grouted  in  boreholes  extending  5  to  10  feet  radially  from 
the  drift  surface. 

Much  of  the  observed  movement  was  small  and  elastic;  the  strains  were 
on  the  order  of  0.1  to  0.3$.  However,  the  local  failures  and  continued 
closure  which  occurred  around  some  of  the  drifts  are  indicative  of  unstable 
behavior . 

Julin  ( 19 64)  also  reports  the  results  of  measurements  made  at  the 
Climax  Molybdenum  Mine.  Measurements  were  made  in  order  to  better  under¬ 
stand  the  conditions  contributing  to  crushing  of  the  access  drifts  during 
caving.  Severe  damage  to  the  drifts  (located  below  the  caved  area)  would 
often  occur  immediately  ahead  of  the  caved  area,  in  the  highly  stressed, 
uncaved  abutments.  Convergence  measurements  in  the  drifts  showed  that  the 
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maximum  stresses  were  occurring  in  the  drifts  which  were  approximately  70  feet 
ahead  of  the  uncaved  ore .  Once  the  caved  areas  were  exhausted  and  filled 
with  the  broken  country  rock  they  were  again  capable  of  supporting  a  por¬ 
tion  of  the  overburden  stresses,  thus  distributing  the  loads  more  uniformly 
throughout  the  area  and  decreasing  the  large  areas  of  high  stress  concen¬ 
tration  around  the  actively  caved  area.  Therefore,  by  keeping  the  actively 
caved  area  as  small  as  possible,  extreme  abutment  loads  causing  failure  of 
the  drifts  were  minimized. 

Star  Mine ,  Burke ,  Idaho .  Waddell  (1964)  reports  on  measurements 
made  in  access  drifts  during  stoping  of  a  vertical  vein  at  a  depth  of 
6000  feet  at  the  Star  Mine,  Burke,  Idaho.  The  vein  was  mined  from  the 
bottom  to  the  top  in  200-foot  vertical  sections.  Mill  tailings  were  used  to  re¬ 
place  the  ore  in  the  mined  out  portion  of  the  vein.  The  access  drifts 
were  parallel  to  and  50  feet  from  the  vein  and  were  located  every  200 
vertical  feet.  The  access  drifts  were  8  by  8  feet  in  cross  section  and 
were  rock-bolted. 

The  behavior  of  the  drifts  was  similar  to  that  observed  at  the  Climax 
Mine;  however,  because  the  vein  was  vertical,  the  maximum  change  in  stress 
occurred  in  the  horizontal  direction.  The  horizontal  stresses  that  built  up 
in  front  of  the  upward-advancing  vertical  stope  caused  large  horizontal  closure 
of  the  access  drifts.  Horizontal  closure  of  the  drifts  ranged  from  1/2  to  1 
inch  in  stable  areas  to  1  foot  in  areas  where  rock  failure  occurred.  Ap¬ 
proximately  2/3  of  the  rjck  movement  occurred  within  6  feet  of  the  wall  of 
the  drift.  In  almost  all  cases  the  vertical  closure  in  the  drift  was  less 
than  the  horizontal;  it  rarely  exceeded  1  inch. 

Most  of  the  movement  in  the  drifts  took  place  as  the  vein  was  mined, 
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over  a  period  of  one  to  two  years.  The  rate  of  closure  was  fairly  constant 
as  the  stope  approached  the  drift.  As  the  stoping  was  completed  the  rate 
of  closure  decreased.  Large  decreases  in  the  horizontal  stress  (and  in¬ 
creases  in  the  horizontal  diameter)  were  not  observed  as  the  stopes  passed 
the  opening  as  they  were  at  the  Climax  and  Can  Manuel  Mines.  It  is  probable 
that  the  horizonta1  stresses  were  transmitted  through  the  tailings  which 
replaced  the  mined  ore;  thus  the  mined  out  stope  did  not  completely  behave 
as  a  hollow  slit. 

A  variety  of  instruments  were  used  to  measure  rock  movement.  These 
included  strain-gaged,  tensioned  rock  bolts  (these  were  not  too  reliable), 
clusters  of  single-position  borehole  extensometers  anchored  at  varying 
depths,  transit  and  survey  levels,  tapes  to  measure  changes  in  the  diameter 
of  drifts,  and  multiple-position  borehole  extensometers.  The  multiple- 
position  extensometers  were  placed  to  depths  up  to  70  feet.  Anchorage  was 
obtained  using  six  explosive  anchors  placed  at  various  depths  in  the  bore¬ 
hole.  The  wires  running  from  the  anchor  to  the  surface  were  tensioned  by 
a  deadweight  system.  Readout  at  the  surface  was  provided  by  a  mechanical 
dial-pulley  assembly  to  which  the  wires  were  attached. 

South  African  Gold  Fields.  Much  of  the  movement  described  in  the  pre¬ 
ceding  paragraphs  was  inelastic  and  associated  with  closure  and  failure  of 
the  drifts.  Ortlepp  and  Cook  (1964)  have  measured  movements  in  the  rock 
surrounding  advancing  stopes  at  depths  of  approximately  5000  and  8000  feet 
in  the  South  African  gold  fields  and  found  close  correlation  with  elastic 
theory.  This  indicated  to  the  authors  the  validity  of  using  elastic  strain- 
energy  concepts  in  the  prediction  and  analysis  of  rockbursts.  Much  of  the 
rock  failure  observed  in  these  mines  is  by  rockbursting. 
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The  rock  is  typically  a  hard,  massive  quartzite  with  an  intact  strength 
of  3^,000  psi  and  a  Young's  modulus  of  12  X  10^  psi;  the  stress-strain  curve 
is  linear  to  failure. 

Rock  movement  was  measured  by  precise  leveling  of  rods  anchored  8  feet 
above  the  access  drifts;  the  drifts  were  located  50  feet  below  the  advancing 
horizontal  stopes.  Some  measurements  were  also  made  using  borehole  exten- 
someters. 

By  measuring  the  absolute  displacement  of  the  rock  8  feet  above  the 
drift,  the  general  displacement  of  the  rock  toward  the  advancing  stope  could 
be  measured.  (These  measurements  were  far  enough  from  the  drift  that  they 
were  not  strongly  affected  by  its  closure.)  As  the  stope  passed  over  the 
access  drifts,  upward  displacements  on  the  order  of  2  to  7  inches  occurred 
toward  the  stope.  The  observed  displacements  correlated  quite  closely  with 
the  theoretical  displacements  around  a  slit  in  an  elastic  medium,  using 
the  elastic  constants  determined  from  tests  on  intact  specimens  (Ortlepp 
and  Cook,  1964). 

This  would  indicate  that  the  rock  mass  was  relatively  unjointed  and 
had  the  same  properties  as  the  intact  specimen:  the  movements  were  mea¬ 
sured  far  enough  from  the  immediate  vicinity  of  both  the  access  drift  and 
the  stope  that  the  effect  of  loosening  and  fracturing  around  the  openings 
did  not  affect  the  measurements.  Thus,  the  behavior  was  elastic. 

In  one  instance,  measurements  were  made  with  a  vertical  borehole  ex- 
tensometer  which  extended  upward  from  the  drift  across  the  path  of  the 
advancing  stope.  Movements  of  the  rock  both  above  and  below  the  stope  were 
toward  the  stope.  Because  of  the  large  size  of  the  stope,  much  of  the 
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displacement  occurred  at  depth,  reflecting  a  general  movement  of  a  large 
volume  of  rock  surrounding  the  stope.  When  the  stupe  intersected  the  bore¬ 
hole,  anchors  in  the  immediate  vicinity  of  the  floor  moved  up  more  than 
elastic  theory  would  predict,  thus  indicating  a  lower  deformation  modulus 
near  the  stope,  undoubtedly  a  result  of  near- surface  loosening  of  the  rock 
mass. 

Rockbursts 

Rock  movements  have  been  measured  in  deep  mines  in  order  to  predict 
the  occurrence  of  rockbursts.  Moruzi  and  Pasieka  (1964)  have  compared  the 
closure  of  drifts  with  the  occurrence  of  rockbursts  in  the  Falconbridge 
Mine,  at  a  depth  of  4000  feet  in  a  hard,  elastic  jasperoid  and  norite.  They 
found  a  slight  increase  in  closure  prior  to  a  rockburst  and  a  decreased  rate 
of  closure  after  the  burst.  Isaacson  (1958)  states  that  increases  in  clo¬ 
sure  rate  indicate  that  the  excavation  is  tending  toward  a  state  of  violent 
collapse . 

However,  because  rockbursts  are  brittle  and  rapid  failures,  it  is  not 
always  possible  to  observe  a  gradual  increase  in  displacement  leading  to¬ 
ward  failure.  In  some  cases,  a  cessation  of  movement  may  also  be  indica¬ 
tive  of  rockburst  conditions  (Spalding,  19^9).  A  hard  zone  of  rock  may  be 
encountered  which  allows  stresses  to  build  up  with  very  little  deformation 
until  the  rock  mass  reaches  its  ultimate  strength  and  fails.  Spalding 
suggests  that  any  extreme  variation  from  a  normal  condition  be  suspect. 

The  prediction  of  rockbursts  from  displacement  measurements  is  difficult, 
and  if  at  all  successful,  requires  continued  observations  and  experience 
at  a  specific  site. 

The  results  of  measurements  in  deep  mines  in  the  McIntyre  gold  deposit, 
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Ontario  (Cochrane,  Carter,  and  Barron,  1964) f  serve  t<  illustrate  the  dif¬ 
ficulty  involved  in  using  displacement  measurements  to  predict  rockbursts. 

Stress  and  deformation  measurements  were  made  during  the  mining  of  two 
remnant  stopes  bounded  by  compressible  waste  areas.  One  stope  was  in  a 
weak  lava,  the  other  stope  was  in  a  high-strength,  brittle  porphyritic  rock 
susceptible  to  rockbursts.  In  the  lava  remnant  the  stress  buildup  was 
small,  but  the  deformation  was  large  (0.68  inch  when  the  face  came  within 
20  feet  of  the  10-foot  borehole  extensometer  located  in  the  hanging  wail). 

In  the  porphyritic  rock,  a  large  buildup  of  stress  occurred,  but  very 
little  deformation  took  place.  The  extensometer  registered  no  flow  or 
crushing  tendencies  of  the  rock,  even  when  the  stope  face  was  within  10  feet 
of  the  unit.  A  small  rockburst  occurred  in  the  face  of  the  stope  at  this 
time. 

Civil  Works:  Tunnels 

Displacement  measurements  have  been  used  to  determine  the  stability 
during  the  construction  of  civil  works  structures,  such  as  tunnels  and 
large  underground  openings.  The  emphasis  in  civil  works  construction  is 
on  permanent  support  and  long  term  stability.  In  many  cases,  rock  failures 
which  are  allowed  to  occur  in  a  temporary  mining  situation  cannot  be  toler¬ 
ated  for  a  permanent  structure. 

Measurements  have  been  made  in  tunnels  not  only  to  determine  stability, 
but  also  in  an  attempt  to  estimate  the  loads  that  will  be  applied  to  the  sup¬ 
port  system  as  the  rock  continues  to  creep  into  the  opening. 

When  analyzing  tunnel  movements,  it  should  be  noted  that  much  of  the 
initial  elastic  (continuum)  displacement  occurs  prior  to  the  installation 
of  the  measuring  system.  The  recorded  displacements,  therefore,  are  a 
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result  of  the  continued  excavation  of  the  tunnel,  as  the  stress  conditions 
change  from  a  three-dimensional  distribution  near  the  face  to  the  two- 
dimensional  distribution  of  a  long  tunnel.  In  addition,  discontinuous  move¬ 
ments  begin  to  occur,  as  the  rock  loosens  around  the  opening.  The  loosening 
of  the  rock  is  not  directly  related  to  excavation  progress  but  is  quite  de¬ 
pendent  on  the  ability  of  the  support  system  to  restrain  the  rock  mass. 

For  a  highly  jointed  or  bedded  rock  mass,  much  of  the  discontinuous  move¬ 
ment  is  in  the  crown,  due  to  the  gravity  load  of  the  near- surface  rock. 

The  discontinuous  movements  are  often  time -dependent,  so  that  the  rock  mass 
surrounding  the  opening  is  described  as  having  creep  characteristics. 

Finally,  movement  of  the  rock  around  the  opening  is  affected  by  the 
interaction  of  a  continuous  support  system  (such  as  steel  sets)  with  the 
rock  wall,  as  the  support  takes  load  and  distributes  it  around  the  perim¬ 
eter  of  opening. 

Tunnels  of  the  Hydro-Electric  Power  Commission,  Ontario.  Displacements 
were  measured  during  the  construction  of  pressure  tunnels  in  the  Niagara 
area  in  order  to  estimate  the  rock  load  which  would  act  on  the  permanent 
concrete  lining  (Hogg,  1958).  The  tunnels  were  50  feet  in  diameter,  lo¬ 
cated  300  feet  beneath  the  ground  surface  in  bedded  sandstones,  limestones, 
and  shales  (Fig.  3a)  •  Construction  was  by  the  heading  and  bench  method. 
Steel  ribs  for  temporary  support  of  the  crown  were  placed  approximately 
25  feet  behind  the  heading  face .  Chord  movements  of  the  tunnels  were  mea¬ 
sured  during  construction  using  invar  tapes  and  fixed  reference  pins  an¬ 
chored  3  feet  into  the  walls  of  the  tunnel.  Reference  pins  were  installed 
immediately  after  excavation  of  the  heading  so  that  initial  readings  could 
be  obtained  prior  to  excavation  of  the  bench. 
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a.  TYPICAL  TUNNEL  CROSS  SECTION 


b.  TYPICAL  ROCK  MOVEMENT  VS  TIME, 

STA  190+00,  TUNNEL  NO.I 

(HOGG,  l«S») 


Fig.  3.  Horizontal  chord  movement  of  tunnel  wall, 
bedded  sedimentary  rocks,  Ontario 
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Fig.  3b  shows  the  typical  horizontal  movements  observed  in  Tunnel  1. 
An  inward  horizontal  movement  of  1  inch  occurred  due  tc  excavation  f  the 
heading;  a  further  0.8  inch  movement  was  due  to  excavation  of  the  bench. 

The  rate  of  movement  decreased  logarithmically  with  time.  Heaving  and 
cracking  of  the  sandstone  in  the  invert  would  often  occur  as  the  bench  was 
excavated.  However,  vertical  movements  in  the  hard  limestone  crown  were 
very  small- -approximately  0.050  inch. 

A  second  tunnel  was  driven  parallel  to  and  250  feet  from  the  first 
tunnel.  The  horizontal  movements  in  the  second  tunnel  were  approximately 
l/4  to  1/3  the  movements  observed  in  the  first  tunnel.  In  one  instance, 
vertical  movement  of  the  invert  was  measured  using  a  rod  anchored  in  the 
floor.  Bench  removal  caused  an  upward  movement  of  the  invert  of  0.5  inch. 
Shearing  displacements  along  bedding  planes  were  also  observed  in  shallow 
vertical  drill  holes  in  the  bench  of  Tunnel  2.  The  upper  layer  of  the 
bench  was  displaced  toward  Tunnel  1  with  respect  to  the  lower  layers.  The 
excavation  of  Tunnel  2  had  very  little  effect  on  the  rock  movement  in 
Tunnel  1. 

The  horizontal  movements  in  the  tunnels  plotted  as  a  straight  line 
on  a  logarithmic  time  plot.  The  extension  of  this  line  was  used  to  pre¬ 
dict  the  movement  which  would  affect  the  permanent  concrete  lining.  The 
actual  rock  loads  applied  to  the  lining  were  much  smaller  than  predicted, 
because  of  contraction  of  the  concrete  as  it  cooled  (Hogg,  1958). 

The  intact  (laboratory)  modulus  of  the  bedded  deposits  ranged  from 
less  than  1  X  10^  psi  to  10  X  10^  psi.  The  inward  wall  movement  determined 
from  elastic  theory  is  0.1  inch,  assuming  a  hydrostatic  stress  distribution 
and  a  rock  modulus  of  1  X  10^  psi.  The  vertical  displacement  in  the  crown 
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approximated  the  predicted  elastic  displacement.  However,  the  horizontal 
displacements  of  the  walls  were  an  order  of  magnitude  greater  than  pre¬ 
dicted.  It  is  apparent  that  inelastic  and  discontinuous  movements  were 
occurring  in  the  rock  around  the  tunnels.  Much  of  the  observed  movement- - 
the  large  horizontal  displacements,  the  shearing  displacements  along  bed¬ 
ding  planes,  and  the  small  movements  in  the  crown--is  p.  result  of  anisotropy 
and  extreme  variations  in  modulus  and  strength  of  the  bedded  deposits. 

Wyoming  and  Colorado  Highway  Tunnels.  In  1964  and  1965,  rock  movement 
was  measured  during  construction  of  30- foot-diameter  twin  highway  tunnels 
near  Green  River,  Wyoming,  in  bedded  marlstones,  siltstones,  sandstones,  and 
shales  (Dutro,  1966).  Rock  movement  was  also  measured  in  the  Straight  Creek 
test  tunnel  in  Colorado,  driven  full  face  in  a  granite  (Hartmann,  1966). 

Both  tunnels  were  supported  by  steel  sets.  The  purpose  of  the  measurement 
program  was  to  "determine  the  actual  tunnel  support  requirements." 

Rock  displacement  was  measured  with  multiple-position  extensometers 
placed  in  holes  drilled  radially  at  the  tunnel  surface.  The  extensometers 
consisted  of  8  anchors  placed  at  varying  depths  in  a  single  borehole,  with 
wires  running  from  the  anchors  to  strain-gaged  cantilever  steel  strips  at 
the  surface.  The  changes  in  electrical  resistance  were  calibrated  to  give 
the  displacement  of  the  anchors.  (Problems  are  involved  with  this  type  of 
measuring  system  because  of  the  changing  tension  on  the  anchor  wires  for 
large  displacements  of  the  anchors.)  Load  cells  were  placed  on  the  steel 
ribs  to  measure  the  loads  applied  to  the  steel  sets. 

With  the  multiple  anchors,  the  depth  of  the  loosened  zone  in  the 
crown,  where  movement  into  the  cavity  was  •occurring,  was  defined.  From 
the  load  cell  measurements  it  was  observed  that  loads  on  the  steel  sets 
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were  initially  high  and  decreased  to  a  residual  value  as  the  sets  yielded 
and  redistributed  their  load. 

It  appears  from  the  figures  presented  by  Dutro  and  Hartmann  that  the 
near-surface  rock  in  the  crown  of  the  tunnels  moved  into  the  opening  while 
the  rock  in  the  side  walls  moved  away  from  the  opening.  The  magnitude  of 
these  movements  could  not  be  determined  from  the  figures  presented.  The 
extensometers  were  probably  installed  after  much  of  the  initial  elastic 
movement  had  occurred  so  that  the  observed  movements  were  a  result  of 
loosening  of  the  near- surface  rock  and  interaction  of  the  steel  sets  with 
the  walls  of  the  opening.  It  is  possible  that  as  the  steel  sets  were  loaded 
by  the  loose  rock  in  the  crown,  they  applied  lateral  force  to  the  rock  on 
the  side  walls,  causing  it  to  displace  away  from  the  opening.  Rock  move¬ 
ments  observed  in  a  pattern-bolted  tunnel  would,  in  all  probability,  differ 
significantly  from  those  observed  with  the  steel  sets. 

Civil  Works:  Large  Openings 

In  recent  years,  many  large  underground  openings  have  been  built  for 
civil  works  projects,  primarily  underground  powerhouses  and  defense  instal¬ 
lations.  Moye  (1959/  reports  that  over  300  underground  powerhouses  have 
been  built  throughout  the  world  at  depths  up  to  1450  feet  beneath  the  sur¬ 
face.  These  openings  differ  from  large  mine  openings,  such  as  block 
caving  systems,  because  their  stability  must  be  maintained  throughout  con¬ 
struction.  The  openings  are  usually  constructed  in  increments  from  the 
top  down,  and  the  upper  portions  of  the  opening  are  stabilized  before  ex¬ 
cavation  proceeds  further.  Because  the  openings  are  excavated  gradually 
(unlike  tunnel  construction),  it  is  relatively  easy  to  measure  the  rock 
movement  caused  by  excavation.  Thus  it  is  possible  to  make  corrections  to 
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the  excavation  and  support  program  on  the  basis  of  the  observed  movements. 

Snowy  Mountain  Hydroelectric  Authority.  The  powerhouses  of  the  Snowy 
Mountain  Hydroelectric  Authority,  Australia,  are  perhaps  the  most  completely 
documented  of  any  large  underground  construction  reported  in  the  literature. 
(Lang,  1957,  1959;  Moye,  1959;  Alexander,  Worotnicki,  and  Aubrey,  1964; 
and  others.)  Two  underground  powerhouse  machine  halls,  Tumut  I  and  Tumut  II 
approximately  300  feet  long,  110  feet  deep,  and  60  and  50  feet  wide,  were 
constructed  in  a  moderately  jointed  granite  and  granite  gneiss  at  depths  of 
750  and  1000  feet  beneath  the  surface,  respectively.  In-situ  stress  mea¬ 
surements  at  Tumut  II  by  the  flat  jack  method  (corrected  for  the  stress  con¬ 
centration  at  the  opening)  revealed  the  presence  of  high  natural  horizontal 
stresses  of  approximately  1800  psi.  The  natural  vertical  stress  was  ap¬ 
proximately  1500  psi.  The  natural  stresses  at  Tumut  I  were  similar. 

The  rock  mass  characteristics  in  Tumut  I  are  described  by  Lang  (1959). 
"The  joint  spacing  in  the  granite  gneiss  was  usually  between  6  inches  and 
2  feet.  The  joint  surfaces  were  usually  smooth  and  slickensided  and  dark 
green  in  color  due  to  thin  coatings  of  chlorite....  Most  joints  were 
tightly  closed.  Because  of  the  nature  of  the  joint  surfaces  it  was  common 
in  the  excavations  for  the  granite  gneiss  to  break  to  the  natural  joint 
planes  rather  than  break  across  the  rock  resulting  in  angular  surfaces  and 
local  small  overbreak  in  many  places."  The  granite  gneiss  would  probably 
be  termed  a  rock  of  fair  to  good  rock  mass  quality  (Appendix  A). 

"The  joint  spacing  in  the  granite  was  variable  but  was  generally  in 
the  range  of  1  to  5  feet.  The  more  closely  jointed  zones  occurred  irregu¬ 
larly,  and  slickensided  joints  were  not  so  common  as  in  the  gneiss.  Most 
joints  were  tightly  closed,  and  because  of  this  it  was  found  that  breakage 
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of  the  granite  often  occurred  along  new  fracture  surface:;  rather  than  along 
natural  joints."  The  granite  would  be  termed  a  rock  f  excellent  rock  mass 

quality  (Appendix  A). 

"It  was  judged  that  the  (Tumut  I)  powerhouse  could  be  constructed  in 
either  rock  type,  but  because  of  the  difference  in  jointing  it  was  con¬ 
sidered  that  large  openings  would  be  easier  to  construct  in  the  granite  and 
would  require  less  permanent  support.  For  this  reason  the  greater  part  of 
the  station  was  located  in  the  thickest  granite  sheet."  The  intact  elastic 
modulus  of  the  granite  was  approximately  8  x  10°  psi. 

The  instrumentation  in  Tumut  II  (more  extensive  than  that  in  Tumut  I) 
consisted  of  Carlson  strain  meters  (embedded,  unbonded  resistance  strain  me¬ 
ters)  and  stress  meters  (mercury-filled  cells)  embedded  in  the  concrete  ribs, 
located  in  the  crown  of  the  chambers.  Rock  strain  was  measured  with  Huggen- 
berger  deformeters  of  20-inch  base  length,  and  rock  displacement  by  precise 
levels  using  a  geodetic  theodolite.  Rock  dilation  was  measured  with  re¬ 
strained  rock-bolt  deformeters  anchored  at  depths  from  k  to  ih  feet .  Angular 
deflections  at  the  spring  line  and  on  the  walls  were  measured  with  a  Galileo 
clinometer . 

The  crown  of  Tumut  I  machine  hall  was  initially  excavated  its  full 
width  and  rock-bolted.  However,  the  excavation  procedure  was  changed  when 
the  workmen  became  apprehensive,  working  under  such  a  large  rock-bolted 
span.  Parallel  slots  were  then  cut  across  the  crown  and  rock  bolts  and 
temporary  steel  ribs  were  placed  in  the  slots  where  the  surface  of  the 
crown  was  exposed.  The  rock  between  the  slots  was  excavated  after  the 
steel  ribs  had  been  installed.  The  steel  ribs  were  later  removed  with  no 
detectable  movement  of  the  crown.  Permanent  concrete  ribs  were  installed 
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in  the  crown,  and  the  main  body  of  the  machine  hall  was  excavated  by  quar¬ 
rying  methods. 

Rock  bolts  consisted  of  mild  steel  bars,  1  inch  in  diameter  and  10  to 
15  feet  long,  and  were  spaced  on  4-  to  5-foot  centers  throughout  the  cham¬ 
ber.  The  bolts  had  mechanical  slot  and  wedge  anchors  and  were  tensioned 
to  a  nominal  load  of  15,000  pounds.  Bolts  in  the  walls  of  the  chamber  were 
later  grouted  for  permanency. 

Strain  measurements  were  made  in  the  concrete  rib  of  Tumut  I  through¬ 
out  construction.  As  excavation  proceeded  downward,  cracking  occurred  in 
the  concrete  where  the  ribs  joined  the  rock  abutment  (at  the  spring  line). 
This  was  consistent  with  the  measured  rotation  of  the  abutments.  The  rota¬ 
tion  created  stresses  in  the  rib  near  the  abutment  which  were  several  times 
greater  than  the  average  stress  throughout  the  rib. 

Horizontal  displacements  of  the  machine  hall  walls  were  measured  near 
the  end  of  construction  using  a  precise  survey  method.  The  excavation  of 
approximately  30  feet  of  rock  from  the  lower  portion  of  the  machine  hall 
caused  an  inward  displacement  at  the  abutment  (spring  line)  of  approxi¬ 
mately  0.4  inch,  in  the  vicinity  of  a  high  angle  fault  located  behind  the 
wall;  and  0.15  inch  inward  displacement  at  other  portions  of  the  abutment, 
not  in  the  vicinity  of  the  fault.  Loosening  of  granite  joint  blocks  was 
also  observed  in  the  vicinity  of  the  closely  jointed  rock  associated  with 
the  steeply  dipping  faults.  Much  of  the  rock  movement  associated  with  the 
fault  was  inelastic  and  discontinuous  and  occurred  after  construction  had 
been  completed. 

Moye  (1959)  describes  the  rock  fracturing  which  occurred  in  the  Tumut  I 
machine  hall.  A  pillar  isolated  by  the  excavation  began  to  fail  by  spalling 
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parallel  to  its  surface.  Spalling  parallel  to  the  free  surface  was  also 
observed  around  the  penstock  tubes  after  their  construction,  as  the  exca¬ 
vation  of  the  nearby  machine  hall  increased  the  stresses  around  the  pen¬ 
stocks.  Tension  cracks  were  also  formed  across  the  concreted  draft  tubes 
and  penstock  tubes  as  the  machine  hall  was  excavated.  The  cracks  paralleled 
the  machine  hall  surface,  and  dipped  steeply  toward  the  bottom  of  the  ma¬ 
chine  hall.  Some  of  the  cracks  were  open  l/2  inch.  These  failures  are 
similar  to  the  extension  type  (relief)  fracturing  observed  in  the  cavities 
constructed  at  the  Nevada  Test  Site,  discussed  in  Chapter  5. 

In  Tumut  II  machine  hall,  the  design  and  construction  of  the  concrete 
ribs  were  modified  to  reduce  the  cracking  which  occurred  at  Tumut  I.  To 
reduce  the  strains  which  would  occur  in  the  ribs,  the  ribs  were  placed  after 
20  feet  had  been  excavated  from  beneath  the  abutment  level. 

Wall  displacements  were  measured  throughout  construction;  the  average 
3.  t-Lacements  along  the  walls  are  illustrated  in  Fig.  4.  The  inward  dis¬ 
placement  of  the  walls  occurred  during  construction  and  can  be  correlated 
with  excavation  progress.  The  wall  displacements  correspond  to  a  defor¬ 
mation  modulus  of  approximately  2.2  X  10^  psi,  based  on  photoelastic  model 
studies  and  in-situ  stress  determinations.  The  modulus  determined  from  the 
strain  in  the  concrete  ribs  was  approximately  7.3  x  10^  psi.  Alexander 
(1964)  attributes  the  lower  modulus  on  the  side  walls  to  decompression  of 
the  jointed  rock — "a  pseudo-elastic  expansion  of  jointed  rock" — whereas  the 
rock  in  the  crown  was  subjected  to  increased  compression,  and  therefore  did 
not  open  along  joint  planes.  The  large,  plane  surface  of  the  walls  also 
contributed  to  loosening.  Joints  subparallel  to  the  walls  aggravated  this 
condition.  Small  rock  falls  and  opening  of  joints  on  the  surface  of  the 
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note:  circled  numbers  denote 


(ALEXANDER,  1964) 


Fig.  4.  Wall  displacement  and  observed  deformation  modulus 
in  Tumut  II  machine  hall,  Australia 


walls  were  observed.  In  one  instance  continued  freshening  was  visible  in 
the  dust  along  joints  in  the  walls,  and  was  culminated  in  a  small  rock  fall 
(l/2  cubic  yard).  Alexander  concludes  that  "the  high  wall  dilation  ob¬ 
served  in  Tumut  II  showed  that  rock  bolting  did  not  fully  prevent  active 
general  decompaction  in  the  large  flat  wall  surfaces." 

"Evidence  of  the  general  dilation  of  the  machine  hall  walls  was  also 
obtained  in  th**  eight  penstock  and  draft  tube  tunnels  which  enter  the  ma¬ 
chine  hall  through  the  walls.  These  tunnels  were  excavated  8  months  prior 
to  the  machine  hall  and  were  lined  with  concrete  to  prevent  rock  spalling 
due  to  concentration  of  rock  stress  as  the  machine  hall  was  excavated  over 
the  face  of  the  tubes.  Cracks  in  the  10- foot -long  concrete  collars  were 
observed  in  the  eight  tubes  after  the  machine  hall  was  excavated  over  the 
face  of  the  tubes.  These  cracks  had  a  characteristic  dip  of  50  to  80  de¬ 
grees  downward  toward  the  machine  hall"  (Fig.  4).  In  one  draft  tube  a 
crack  width  of  0.2  inch  was  observed.  Four  rock-bolt  deformeters  located 
near  the  draft  tube  also  showed  this  dilation  (Fig.  4).  The  surface  moved 
inward  0.2  inch  with  respect  to  the  l4-foot  anchor;  and  much  of  this  move¬ 
ment  was  concentrated  between  8  and  12  feet,  indicating  the  possibility  of 
a  crack. 

Photoelastio  studies  showed  that  the  reentrant  blocks  located  in  the 
invert  of  the  machine  hall  were  subjected  to  radial  tension.  Stapeldon 
(1961)  considered  this  to  be  the  main  factor  in  the  observed  deterioration 
of  the  reentrant  rock. 

The  cracking  observed  in  the  penstock  tubes  and  draft  tubes  in  Tumut  II 
was  quite  similar  to  that  observed  in  Tumut  I. 
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The  values  of  the  deformation  modulus  for  the  rock  at  Tumut  I  and  II 


are  compared  as  follows  (Alexander,  1964): 

_ Method  of  Test _ 

1.  Unconfined  compression  test  (intact 

specimens) 

2.  Dynamic  test  (intact  specimen) 

3.  Flat  jack  test,  rock  in  place 

4.  From  strains  in  machine  hall  roof 

5.  Expansion  of  pressure  shafts  during 

filling 

6.  Deflection  of  machine  hall  walls 

7.  Plate  bearing  tests  on  rock  in  place 

8.  Dilation  of  machine  hall  walls 

(deformeters) 


Mean  Modulus 

_ psi  X  left _ 

Tumut  I  Tumut  II 


8 

8 

5 

2 

2 


8 

8 

6 

5 

(3) 


( very  low)  2 

1 

0.8  to  7.0 


The  rock  at  Tumut  II  was  more  tightly  jointed  than  at  Tumut  I.  This, 
together  with  the  two  faults  at  Tumut  I  (one  located  above  the  crown,  the 
other  dipping  at  a  steep  angle  behind  one  of  the  walls),  was  probably  the 
major  reason  that  the  effective  modulus  determined  from  the  strains  in  the 
machine  hall  ribs  was  higher  at  Tumut  II  than  at  Tumut  I  (Alexander,  1964). 

Kariba  Underground  Works,  Zambezi  River,  Federation  of  Rhodesia  and 
Nyasaland.  The  machine  hall  at  the  Kariba  damsite  is  468  feet  long,  75  feet 
wide,  and  132  feet  high.  It  is  located  at  a  depth  of  200  feet  in  a  foli¬ 
ated  biotite  gneiss  (Lane  and  Roff,  1961).  Rock  in  the  upper  portions  of 
the  underground  works  was  described  as  "a  broken  and  altered  gneiss  with 
seams  of  decomposed  gneiss  and  slickensides . "  The  lower  portions  of  the 
underground  works  are  in  a  sound  gneiss  which  is  "compact  and  jointed  with 
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few  fissures."  Most  of  the  machine  hall  was  located  in  the  sound  gneiss, 
although  a  portion  of  the  crown  was  in  the  heavily  jointed  gneiss,  and  the 
northwest  corner  of  the  machine  hall  was  intersected  by  a  fault  zone. 

The  crown  of  the  hall  was  supported  by  a  concrete  arch,  bearing  on 
rock  abutments  at  the  spring  line.  Large  portions  of  the  wall  were  sup¬ 
ported  by  concrete  linings  arched  vertically  and  anchored  to  the  rock  top 
and  bottom.  The  lower  portions  of  the  walls  were  supported  by  buttresses 
tied  into  the  machine  foundations.  Grout  was  pumped  into  fractures  in  the 
rock  and  into  gaps  between  the  rock  and  concrete  lining  to  prevent  excessive 
seepage  and  to  provide  a  monolithic  concrete-rock  structure.  The  concrete 
linings  and  the  grout  were  designed  for  water  pressure  as  well  as  rock 
pressure.  Some  drainage  was  provided  in  the  walls  of  the  machine  hall. 

Rock  bolts  were  placed  during  excavation  to  secure  potentially  weak 
areas  of  the  rock  face.  Timbering  was  also  used  to  support  some  heavily 
jointed  portions  of  the  crown.  Excavation  and  concreting  of  the  crown  were 
carried  out  full  face.  The  main  hall  was  then  excavated  in  lifts. 

Horizontal  movement  of  the  walls  was  generally  less  than  0.5  inch, 
except  in  the  vicinity  of  the  heavily  jointed  fault  zone  at  the  northwest 
end,  wher^.  1.5  inches  of  movement  were  recorded.  The  jointed  zone  was  re¬ 
inforced  with  tensioned  cables  placed  between  the  machine  hall  wall  and  a 
construction  gallery.  Subsequent  movements  were  small. 

One  of  the  concrete  buttresses  located  near  the  fault  zone  was  highly 
stressed  and  developed  shear  cracks.  However,  the  low  strains  recorded  by 
the  embedded  acoustic  strain  meters  indicate  that  most  of  the  buttresses, 
as  well  as  the  concrete  linings  in  the  wall  and  crown,  have  not  been  highly 
stressed  (Lane  and  Roff,  1961). 
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The  observed  movement  of  the  walls  of  the  machine  hall  is  larger  than 
would  be  predicted  from  elastic  theory.  If  a  modulus  of  4  X  10^  psi  is 
assumed  for  the  sound  gneiss  and  a  horizontal  pressure  of  400  psi  is  as¬ 
sumed  for  the  natural  rock  stress,  then  the  predicted  movement  would  be 
approximately  0.15  inch.  The  movement  in  the  fault  zone  was  an  order  of 
magnitude  larger  than  this,  indicating  discontinuous  rock  movement. 

NORAD  Combat  Operations  Center.  Large,  intersecting  chambers  were 
constructed  in  Cheyenne  Mountain,  Colorado,  to  provide  protection  against 
nuclear  weapons  for  the  NORAD  Combat  Operations  Center.  The  underground 
complex  consists  of  three  parallel  chambers,  45  feet  wide,  60  feet  high, 
and  600  feet  long,  separated  by  rock  pillars  100  feet  wide  and  connected 
by  three  intersecting  chambers  32  feet  wide  and  56  feet  high.  (Underwood 
and  Distef ano ,  1964 . )  Chambers  were  constructed  by  the  heading  and  bench 
method;  the  benches  were  excavated  in  two  lifts.  Rock  bolts  were  typically 
8  and  10  feet  long  on  4- foot  centers  in  the  crown  of  t.  e  chambers  and  10 
feet  long  on  5-foot  centers  on  the  walls  of  the  chambers.  The  bolts  were 
mechanically  anchored.  The  bolts  were  tensioned  and,  at  a  later  date,  com¬ 
pletely  grouted. 

The  rock-bolt  support  placed  in  the  chambers  was  designed  for  dynamic 
stability  as  well  as  the  static  construction  stability.  Initially  it  was 
planned  to  install  safety  bolting  and  delay  the  pattern  bolting  until  the 
excavations  were  complete.  Underwood  and  Distefano  state  that  "Some  ex¬ 
perts  believed  that  pattern  bolting  should  be  delayed  for  several  weeks 
until  all  potentially  slabby  rock  had  worked  loose  and  been  scaled  down, 
but  the  majority  of  experts  believed  that  pattern  bolting  should  be  in¬ 
stalled  as  close  to  the  headings  as  possible  after  scaling."  They  conclude 
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that  "An. .  .important  factor  in  any  rock  strengthening  program  is  prompt 
and  adequate  support  of  the  rock  immediately  following  excavation.  Con¬ 
tract  specifications  must  be  specific  in  this  regard  as  words  such  as  '  soon 
as  possible'  may  not  be  soon  enough." 

The  site  was  located  in  a  moderately  jointed,  coarse-grained  granite 
having  an  intact  strength  ranging  from  10,000  to  20,000  psi.  Much  of  the 
jointing  was  along  two  major  high  angle  systems  oriented  at  right  angles 
to  each  other.  A  few  shear  zones  paralleled  one  of  these  systems. 

The  chambers  were  oriented  so  that  the  predominant  joint  systems  would 
cut  the  chamber  walls  at  an  angle,  rather  than  paralleling  the  walls.  How¬ 
ever,  a  minor  high  angle  joint  set  was  present  which  was  subparallel  to 
the  walls  of  the  large  chambers  and  caused  slabbiness  on  the  south  walls  of 
the  large  chambers. 

Some  problems  with  opening  of  joints  and  loosening  of  rock  blocks  were 
encountered  at  chamber  intersections,  where  the  major  joint  systems  cut 
across  the  corners  of  the  pillars.  At  two  of  the  intersections  (A-2  and 
B-3)  fractures  were  open  as  much  as  1  to  l-l/2  inches  at  the  surface,  along 
joints  which  dipped  30  to  50  degrees  toward  the  corners  and  daylighted  a 
few  feet  above  the  invert.  Stratascope  observations  revealed  open  joints 
as  far  as  13  feet  from  the  face  at  one  of  the  corners.  In  order  to 
strengthen  the  corners  to  resist  dynamic  loads,  it  was  decided  to  reduce 
the  mass  of  rock  located  forward  of  the  joint  planes  by  75  to  100  cubic 
yards.  The  remaining  rock  would  be  supported  with  high-strength,  grouted 
bolts  placed  normal  to  the  joint  system.  The  rock  was  removed  from  the  top 
down  in  small  rounds  (up  to  35  cubic  yards)  and  1- inch-diameter,  24-  to  30- 
foot  rock  bolts  were  immediately  installed.  At  one  intersection,  0.2  inch 
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movement  occurred  at  a  24-root-long  extensometer  located  24  feet  above  the 
invert,  due  to  blasting  at  the  toe.  After  the  movement  occurred,  additional 
bnlts  were  placed  and  excavation  was  temporarily  suspended.  At  the  other 
intersection,  a  maximum  outward  movement  of  0.13  inch  was  recorded.  A  num¬ 
ber  of  12-  to  28-foot-long  restrained  rock-bolt  deformeters  were  installed 
in  the  corners  after  construction  had  been  completed  in  order  to  monitor 
future  rock  movement.  Only  insignificant  (0.035  inch)  movements  were  re¬ 
corded  following  their  installation. 

Major  support  problems  were  encountered  at  another  intersection  (B-2) 
where  one  of  the  higt  angle  shear  zones  intersected  the  opening.  In  order 
for  the  intersection  to  be  stable  under  dynamic  loads,  it  was  decided  that 
a  reinforced  concrete  lining  (eggshell  shaped)  would  be  required,  extending 
through  both  the  invert  and  the  crown.  Underwood  and  Distefano  summarize 
the  monitoring  program  at  the  B-2  intersection:  "In  the  B-2  intersection, 
where  it  was  necessary  to  greatly  enlarge  the  opening  in  already  unstable 
ground  in  order  to  provide  space  for  the  concrete  structures,  numerous  gages 
were  installed  and  read  after  every  blast  to  make  sure  no  serious  movement 
had  occurred.  The  size  and  magnitude  of  each  successive  round  was  governed 
by  these  readings.  It  is  significant  to  note  that  movements  much  larger 
than  those  recorded  at  the  A-2  intersection  were  recorded  at  this  inter¬ 
section.  It  is  also  significant  to  note  that  movements  were  always  quickly 
brought  under  control  by  the  application  of  a  few  rock  bolts  in  the  affected 
area. " 

It  is  apparent  that  the  movements  observed  in  the  corners  of  the  inter¬ 
sections  were  inelastic  and  related  to  movement  along  discontinuities.  The 
NORAD  experience  reinforces  the  observations  made  at  Tumut,  that  large 


34 


discontinuous  movements  and  stability  problems  arc  ftcn  ass  -elated  with 
reentrant  corners  and  with  joint  and  wall  geometries  which  tend  '  is  late 
thin  wedges  of  rock  near  the  surface  of  the  opening. 

Morrow  Point  Powerplant.  An  underground  p> .werhouco  is  presently 
nearing  completion  at  Morrow  Point  Dam  in  the  Black  Cany  n  ■  f  the  Gunnison 
River,  west-central  Colorado  (Seery.  19 66).  The  machine  hall  is  206  feet 
long.  t7  feet  wide,  and  134.5  feet  high,  located  at  a  depth  of  4u0  feet  in  a 
schist  with  some  quartzite  and  some  pegmatite  intrusions.  A  system  of 
stress  relief  joints  parallels  the  canyon  walls .  Faults  and  foliated  weak¬ 
ness  planes  in  the  schist  are  present  at  the  site.  Two  shear  zones  were 
also  present  in  the  vicinity  of  the  chamber  ’which  caused  support  problems. 

To  construct  the  chamber,  a  pilot,  exploratory  tunnel  was  driven  near 
the  crown  of  the  machine  hall.  The  crown  was  then  excavated  and  bolted. 

The  lower  portion  of  the  chamber  was  excavated  by  benching.  Rock  bolts 
were  12  to  20  feet  long,  placed  on  4-foot  centers,  and  tensioned  and 
grouted.  Additional  bolts  were  placed,  as  necessary,  in  shear  zones.  No 
unsupported  rock  was  permitted  more  than  4  or  5  feet  from  the  headings  for 
a  period  longer  than  12  hours  after  blasting. 

Instrumentation  during  construction  consisted  of  eight  multiple- 
position  borehole  extensometers  (the  type  described  for  the  Colorado  and 
Wyoming  Tunnels),  precision  level  surveys,  and  tape  convergence  measure¬ 
ments. 

Three  extensometers  were  installed  in  the  pilot  tunnel  prior  to  ex¬ 
cavation  of  the  crown.  As  the  heading  passed  the  extensometer  locations, 
the  extensometers  experienced  their  maximum  displacements.  Two  units  showed 
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0.35  inch  displacement  between  the  surface  and  the  50- foot  depth.  The  move¬ 
ment  was  essentially  complete  within  200  hours  after  the  heading  passed  the 
instruments.  One  unit  displaced  0.02  inch.  The  multiple-position  units 
showed  that  the  movements  in  the  crown  were  concentrated  near  the  opening, 
and  dropped  off  rapidly  with  depth. 

On  one  of  the  side  walls  of  the  chamber,  the  extensometer  and  precise 
survey  measurements  indicated  an  inward  movement  of  approximately  2  inches 
in  a  period  of  two  months.  Upon  completion  of  blasting  operations,  the 
wall  apparently  stabilized.  However,  additional  treatment  to  the  wall  was 
considered  necessary  to  provide  for  its  permanent  stability.  Long  (up  to 
73-foot)  rock  bolts  and  stressed  tendon  anchorages  are  to  be  installed. 
Drainage  will  also  be  provided  behind  the  wall  for  the  full  length  of  the 
chamber.  The  drainage  tunnel  will  provide  access  to  the  tendon  anchorages. 
Additional  support  of  the  lower  portion  of  the  chamber  will  be  provided  by 
post-stressing  the  reinforced  concrete  structures  supporting  the  generator 
units  (Seery,  1966). 

Predicted  inward  elastic  displacements  in  the  crown  of  the  chamber, 
for  a  deformation  modulus  of  4  x  10^  psi,  should  be  on  the  order  of  0.05 
inch.  The  observed  displacements  of  0.35  inch  indicate  that  possible 
near- surface  loosening  occurred  in  the  crown,  decreasing  the  deformation 
modulus.  Examination  of  the  extensometer  displacement-depth  records  may 
confirm  this  conclusion.  The  0.02  inch  movement  observed  at  one  of  the 
extensometer  locations  in  the  crown  is  probably  quite  close  to  a  predicted 
elastic,  unjointed  movement. 

The  predicted  elastic  displacement  for  the  side  walls  is  on  the  order 
of  0.2  inch.  The  observed  2  inch  inward  displacement  of  the  wall  was 
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therefore  definitely  inelastic  and  discontinuous,  and,  from  the  nature  of 
the  remedial  support  program  outlined  by  Seery,  was  probably  deep-seated 
and  associated  with  weakness  planes  behind  the  wall  of  the  chamber. 

Picote  Powerplant.  Information  on  rock  displacement  can  be  obtained 
from  Serafim's  (1961)  report  on  stress  measurements  at  Picote  Powerplant. 
The  powerplant  is  approximately  ^3  feet  wide  and  115  feet  high,  ana  is 
located  at  a  depth  of  260  feet  in  a  jointed  granite.  A  fault  is  located 
15  feet  behind  and  parallel  to  the  upstream  wall  of  the  powerplant. 

The  first  stage  of  construction  consisted  of  excavating  the  crown 
and  abutments  and  placing  concrete  in  the  crown  of  the  powerplant.  Follow¬ 
ing  this,  the  lower  portion  of  the  powerplant  was  excavated.  Extensive 
use  was  made  of  rock  bolts  throughout  construction. 

Strains  were  measured  in  the  concrete  arch  during  excavation  of  the 
lower  portion  of  the  powerplant.  Compressive  strains  were  highest  in 
the  portion  of  the  arch  nearest  the  fault.  A  survey  of  the  crane  rails 
(at  the  spring  line)  showed  that  horizontal,  inward  displacements  occurred 
during  excavation  of  the  lower  portion  of  the  powerplant .  The  largest 
movements  were  on  the  upstream  wall  and  were  attributed  to  the  presence 
of  the  fault . 

Serafim  estimated  the  natural  stress  in  the  rock  surrounding  the 
opening  on  the  basis  of  the  observed  displacements  of  the  crane  rails  on 
the  downstream  wall.  A  value  of  600  psi  was  obtained  for  the  natural 
stress,  using  an  elastic  equation  for  the  deformation  around  a  cylindrical 
opening,  and  substituting  a  laboratory  modulus  for  the  deformation  modu¬ 
lus  of  the  rock  mass.  This  value,  Serafim  concluded,  correlated  closely 
with  the  natural  stress  determined  by  strain  relief  measurements 
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(overcoring  of  strain  rosettes)  at  the  surface  of  the  opening,  and  was 
indicative  of  high  horizontal  stresses  in  the  rock  mass. 

Although  displacement  measurements  may  be  used  to  obtain  a  rough 
estimate  of  in-situ  stress  conditions,  it  is  not  a  recommended  practice 
to  determine  the  natural  stresses  in  a  rock  mass  solely  on  the  basis  of 
the  long-term  displc. .ments  at  the  wall  of  an  opening.  As  has  been  shown 
previously,  large  discontinuous  movements  commonly  occur  in  the  near¬ 
surface  rock,  particularly  over  extended  periods  of  time;  and  it  is  often 
not  possible  to  relate  these  displacements  to  a  laboratory  modulus,  or 
ever,  a  deformation  modulus  for  the  rock  mass.  However,  Serafim's  calcu¬ 
lations  show  that  the  displacements  of  the  downstream  walls,  although 
perhaps  not  perfectly  elastic,  can  be  approximated  with  a  reduced  defor¬ 
mation  modulus.  The  magnitudes  .of  the  displacement  and  the  assumed 
elastic  modulus  were  not  given  in  the  paper,  but  it  is  possible  to  ob¬ 
tain  a  rough  estimate  of  the  deformation  modulus  of  the  rock  mass  by 
comparing  the  natural  in-situ  stresses  calculated  by  Serafim  (approxi¬ 
mately  600  psi)  with  those  estimated  from  the  height  of  overburden  above 
the  powerplant:  for  a  depth  of  260  feet,  the  natural  vertical  stress 
should  be  on  the  order  of  300  psi,  and  the  natural  horizontal  stress 
should  fall  in  the  range  of  200  to  600  psi.  The  deformation  modulus 
based  on  the  deflection  of  the  downstream  wall  would  therefore  range  from 
l/3  to  1  times  the  laboratory  modulus.  Thus,  the  movement  of  the  down¬ 
stream  wall  was  approximately  elastic,  while  the  movement  of  the  upstream 
wall,  affected  by  the  presence  of  the  fault,  was  larger  and  was  possibly 
discontinuous , 

Extension  type  failures  were  also  observed  at  Picote  Station.  Rock 
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spalls  (popping  rock)  formed  parallel  to  the  walls  of  the  drifts  loading 


to  the  main  pow<  rplant  as  the  powerplant  was  excavated.  Serafim  considered 
this  another  indication  o'1  the  presence  of  hirh  horizontal  str«  sses  in  the 
rock  mass . 

The  combined  stress  concentrations  formed  by  the  excavation  of  the 
powerplant  and  the  presence  of  the  drifts  were  sufficient  to  aause  fail¬ 
ure  of  the  relatively 'high-strength  granite.  Granite  is  almost  invariably 
found  at  shallow  depths  as  a  blocky.  .jointed  rock,  but  it  is  interesting  to 
note  that  the  granite  at  Picote  was  sufficiently  competent  that  stress  re¬ 
lief  occurred  by  the  formation  of  fresh  fractures,  rather  than  by  opening 
and  movement  along  existing  joint  surfaces.  Similar  failures  were  also  ob¬ 
served  by  Moye  (1959)  in  the  drifts  around  the  Tumut  I  chamber,  in  granite. 

Other  Powerhouses,  Other  underground  powerhouses  where  measurement  of 
rock  movement  has  been  made  include  the  Poatina  Underground  Powerplant, 
Tasmania  (Endersbee  and  Hofto,  1963),  Boundary  Dam  Undergound  Powerplant. 
(Gtrandberg,  1966,  Schilling,  1966)  and  the  powerhouse  at  Orovillo  damcito, 
California.  The  Croville  powerhouse  was  recently  completed  and  the  results 
arc  not  available  in  the  literature. 

1.4  SCOPE  OF  THESIS 

It  is  apparent  that  the  stability  of  underground  openings  is  of 
concern  in  both  mining  and  civil  works  construction.  More  and  more 
emphasis  is  being  placed  upon  ol  serving  the  behavior  of  openings  and 
understanding  the  factors  affecting  stal  ility.  As  our  knowledge  of  rock 
behavior  improves,  it  will  be  possible  to  realise  more  economy  ‘in  i  safety 
in  the  ;  on  struct  ion  of  underground  openings .  Openings,  "o  riser  ly  -onsi  ie G 
technically  or  practically  iiifoasibl’  .  '  11  be  built. 


In  recent  years  in  the  civil  works  field,  an  emphasis  has  been  placed 
on  large  openings.  The  question  has  been  asked,  "Are  there  limiting  sizes 
and  depths  for  such  openings?"  In  some  instances,  limits  have  been  defined 
based  on  assumed  governing  theoretical  relations.  However,  the  limits  are 
not  so  much  a  matter  of  theory  as  a  matter  of  practicality  and  engineering 
experience.  Some  of  the  limitation  is  involved  with  the  present  construc¬ 
tion  methods — the  ability  to  rapidly  excavate  and  support  a  large  opening. 
Improved  techniques  for  rock-bolting  and  rock  excavation  will  be  needed. 

Further  understanding  of  the  behavior  of  rock  around  an  opening— in 
particular,  the  strengthening  of  the  rock  mass  by  the  artificial  support — 
is  needed  in  order  to  be  able  to  economically  construct  both  large  and  small 
underground  openings.  One  of  the  major  problems  is  determining  the  amoimt 
of  rock -bolt  support  required  to  maintain  a  stable  opening  in  a  rock  mass 
of  a  given  rock  quality.  This  problem  can  be  broken  down  into  other  related 
problems:  defining  the  quality  of  the  rock  mass  in  engineering  terms,  de¬ 
termining  the  modes  of  rock  failure  around  openings  and  the  effect  of 
bolting  upon  rock  failure,  delineating  the  strength  and  deformation  charac¬ 
teristics  along  an  irregular  joint  surface,  and  determining  the  restraint 
required  to  prevlnt  a  jointed  rock  mass  from  becoming  discontinuous  and 
unstable.  These  are  some  of  the  problems  which  were  apparent  during  the 
construction  of  the  cavities  at  the  Nevada  Test  Site.  This  thesis  summa¬ 
rises  the  behavior  observed  during  the  construction  of  the  cavities— 
particularly  the  behavior  related  to  the  stability  of  the  openings — and 
attempts  to  define  the  problems  and,  where  possible,  provide  answers  1;o 
the  questions  concerning  the  support  and  stability  of  underground  openings. 

A  description  of  the  rock  displacement  and  rock  fracturing  observed 
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during  construction  of  the  cavities  in  tuff  is  presented  in  Chapter  h  .  In 
Chapter  5,  the  observed  behavior  is  discussed  and  compared  with  elastic 
and  elastic-plastic  theories  for  stress  and  displacement  around  openings. 
The  boundary  conditions  and  material  properties  which  must  be  considered 
in  the  analysis  of  the  cavity  behavior  are  outlined  in  Chanter  2,  Construc¬ 
tion  of  the  Cavities,  and  Chapter  3j  Rock  Characteristics.  In  Chapter  6, 
the  behavior  in  the  granite  (a  high-strength,  jointed  rock)  is  compared 
with  the  behavior  in  the  tuff  (a  very  low- strength,  relatively  un jointed 
rock) .  Chapter  7  summarizes  the  information  presented  in  the  thesis  and 
presents  the  conclusions.  Appendix  A  summarizes  the  rock  classification 
methods  used  to  aid  in  defining  the  rock  mass  characteristics  (strength 
and  deformation  properties)  on  the  basis  of  exploratory  information.  Most 
of  this  effort  was  concentrated  in  the  exploration  for  the  granite  cavity, 
where  the  in-situ  properties  differed  quite  significantly  from  the  intact 
rock  properties.  In  Appendix  B,  displacement-depth  relations  are  pre¬ 
sented  for  32  of  the  extensometer  units  installed  in  Cavities  I  and  II. 
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CHAPTER  2 


CONSTRUCTION  OF  THE  CAVITIES 

2.1  CONSTRUCTION  OF  THE  CAVITIES  IN  TUFF 

Cavities  I  and  II  were  located  at  a  depth  of  1300  feet  (floor  eleva¬ 
tion,  6160  feet)  in  Rainier  Mesa.  Access  to  the  cavities  was  obtained 
through  a  4700-foot  tunnel  which  entered  the  side  of  the  mesa  (Fig.  5)* 

The  cavities  were  approximately  hemispherical  in  shape,  with  the  plane  sur¬ 
face  of  the  hemisphere  inclined  68  degrees  from  the  horizontal  (Fig.  6). 

The  radius  of  the  hemisphere  varied  from  60  to  75  feet,  and  the  height  of 
the  cavities  was  138  feet .  The  top  was  domed  to  prevent  undesirable  stress 
conditions  and  excessive  slabbing  during  the  initial  stages  of  excavation. 

Rock  Bolts 

The  upper  portion  of  the  cavities  was  supported  with  32-foot-long  rock 
bolts  on  3-foot  centers,  the  middle  portion  with  24-foot  bolts  on  3-f°ot 
centers,  and  the  lower  portion  with  l6-foot  bolts  on  6-foot  centers.  The 
plane  face  of  the  cavities  was  bolted  with  24-foot  bolts  on  6-foot  centers. 
The  proposed  bolting  pattern  on  the  plane  face  was  less  conservative  than 
the  bolting  pattern  used  in  other  portions  of  the  cavity.  (This  was  a  re¬ 
quirement  of  the  cavity  users.)  For  this  reason,  emphasis  was  placed  on 
monitoring  the  movements  of  the  plane  face.  Extra  bolts  were  spotted  on 
the  cavity  surfaces  as  required,  particularly  where  slabs  or  joint  sets 
were  present.  In  Cavity  II,  movement  of  the  plane  face  occurred  which 
necessitated  extensive  additional  support.  Over  large  areas  of  the  face, 
48-foot  bolts  were  placed  on  3-foot  centers. 

Bolts  were  predominantly  l-l/8-inch-diameter,  A431  steel  reinforcing 
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bars  and  had  an  ultimate  strength  of  8^,000  pounds.  The  bolts  were 
anchored  with  a  fast-setting  gypsum  grout  (RANCO  F-8l  Sulfaset)  which  was 
pumped  to  the  rear  9  feet  of  the  hole.  (The  tuff  was  incapable  of  support¬ 
ing  standard  expansion  shell  anchors.) 

Bearing  plates  (8  by  8  by  l/2  inch  thick)  were  used  beneath  the 
nut  and  washer  of  the  bolt  assembly  to  distribute  the  bolt  Load  to  the  rock 
surface.  Cement  morcar  was  placed  beneath  the  plates  to  fill  irregulari¬ 
ties  in  the  rock  surface . 

Each  bolt  was  tensioned  to  30,000-pound  load  using  torque  wrenches, 
after  the  grout  anchor  and  bearing  plate  mortar  had  set.  Loads  on  the  rock 
bolts  installed  in  the  cavities  were  checked  by  two  methods.  One  method 
consisted  of  retorqueing  the  bolt  assembly  after  its  initial  torque.  All 
bolts  installed  in  the  tuff  cavities  were  torqued  twice  (the  second  torque 
was  at  least  2b  hours  after  the  first).  If  the  bolt  failed  to  hold  its 
tension  during  this  period  it  was  replaced.  Following  their  initial  two 
torques,  selected  bolts  were  periodically  checked  by  retorqueing  to  deter¬ 
mine  if  they  had  maintained  their  initial  tension. 

The  other  method  consisted  of  placing  Horstman  Bolt -Tension  Meters  be¬ 
tween  the  nut  and  the  bearing  plate  of  selected  bolts.  The  meters  were 
steel  cylinders  with  calibrated  photoelastic  elements  attached  to  one  side. 
The  photoelastic  patterns  were  read  with  a  polarizing  lens.  The  number  of 
fringes  viewed  on  the  elastic  element  was  directly  proportional  to  the  load 
on  the  rock  bolt.  A  decrease  in  the  number  of  fringes  would  therefore  in¬ 
dicate  reduced  tension  in  the  bolt.  Approximately  30  of  these  meters  were 
installed  in  the  cavities. 

These  two  methods  showed  that  in  most  instances  the  bolt  loads  held 
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fairly  constant,  wich  some  slight  load  increases  due  to  movement  of  the  rock 
into  the  cavity.  In  other  instances  the  bolt  loads  were  observed  to  decrease. 
Results  of  torque -checking  of  100  bolts  showed  that  approximately  15$  lost 
more  than  half  their  initial  torque  over  a  period  of  2  to  6  months.  This 
decrease  can  be  attributed  to  creep  or  a  loss  of  support  in  either  the 
anchorage  or  in  the  mortar  behind  the  bearing  plate.  It  is  probable  that 
much  of  this  loss  of  bolt  tension  can  be  attributed  to  creep  of  the  Sulfa- 
set  anchorage.  The  Sulfaset  grout  anchorage  may  be  undesirable  for  use  in 
permanent  rock-bolt  installations,  particularly  if  the  grout  must  be 
pumped,  thus  necessitating  a  thin,  weak  Sulfaset -water  mix. 

Construction  Procedure 

The  cavities  were  excavated  by  driving  two  68-degree  raises  from  the 
main  tunnel  to  the  proposed  dome  of  the  cavity.  The  dome  was  then  opened 
and  rock-bolted.  Excavation  proceeded  downward  with  the  bolting  following 
closely  behind  the  blasting.  (Bolting  was  usually  kept  within  10  feet  of 
the  bottom.)  No  blasting  was  permitted  adjacent  to  areas  where  the  bolts 
were  untorqued. 

The  construction  cycle  in  the  cavities  was  as  follows:  shot  holes 
were  drilled  approximately  4  to  6  feet  into  the  cavity  walls  or  down  into 
the  bottom  of  the  cavity.  (Fig.  7  shows  charges  being  loaded  prior  to 
blasting  the  wall  in  the  upper  portion  of  Cavity  I.  A  3*6-foot  horizontal 
cut  is  to  be  made.)  After  blasting,  the  slabby  rock  was  barred  down.  In 
the  upper  portion  of  the  cavities,  6-foot-long  bolts  with  Perfo  sleeve 
anchors  were  immediately  placed  (on  approximately  6-foot  centers)  and  a  2- 
by  2-inch  number  6  wire  mesh  was  attached  to  the  bolts.  This  provided 
temporary  support  and  prevented  continued  slabbing  of  the  cavity  walls. 
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Fig.  7.  Blasting  in  dome  of  Cavity  I.  Bolts  8  ft  above  floor  have 
been  tensioned.  Miners  are  loading  charges  prior  to  blasting 
approximately  4  ft  into  the  wall 


Fig.  8.  Rock  bolts  on  curved  surface  of  Cavity  1.  The  3?-ft  bolts 
are  ready  for  placement  of  mortar  beneath  bearing  plate  and  appli¬ 
cation  of  tension.  Note  the  friable  white  tuff  bed  above  the 
harder  red  tuff.  Slabbing  is  not  prominent 


(The  6-foot  bolts  were  only  occasionally  used  in  the  middle  and  lower  por¬ 
tions  of  the  cavity. )  The  2- inch-diameter  bolt  holes  were  then  drilled  and 
the  long,  l-l/8-inch-diameter  bolts  were  grouted  in  place  and  tensioned 
(Fig.  8).  Shot  holes  and  bolt  holes  were  drilled  with  pneumatic  percussion 
drills  (jacklegs  and  stopers)  and  air-operated  augers  mounted  on  jumbos. 

The  augers  operated  very  satisfactorily  in  the  tuff — they  were  capable  of 
drilling  more  rapidly  and  to  greater  depths  than  the  percussion  drills. 

Muck  was  removed  from  the  cavities  through  the  two  raises.  In  the 
dome  of  the  cavities,  two-drum  slushers  (cable-operated  buckets)  were  used 
to  move  the  muck  into  the  raises.  Eimco  excavators  (air-operated,  track- 
mounted  end  loaders)  were  used  to  remove  the  muck  when  the  cavity  size  was 
large  enough  to  accommodate  them. 

Construction  History 

Cavity  I  was  excavated  in  6  months  with  very  little  delay  once  the  dome 
of  the  cavity  was  excavated.  The  excavation  and  support  in  the  dome  were  dif¬ 
ficult  because  the  techniques  used  were  unfamiliar  to  the  mining  crews.  For 
this  reason,  many  uneven  surfaces  and  rock  protrusions  were  present.  After 
construction  had  been  completed,  a  2-inch  sand-cement  layer  was  pneumatically 
placed  (gunited)  over  the  upper  30  feet  of  the  cavity  to  support  rock  slabs 
which  were  beginning  to  break  and  crack  between  the  rock  bolts. 

Cavity  II  was  excavated  in  7-l/2  months.  Excavation  and  support  in 
the  dome  of  the  cavity  were  not  as  difficult  because  of  the  experience 
gained  from  Cavity  I.  Most  of  the  construction  difficulties  in  Cavity  II 
were  associated  with  the  joint  systems  which  intersected  the  cavity  surface. 
Low-pressure  cement  grouting  was  used  throughout  construction  to  fill  the 


open  joint  systems  which  intersected  the  dome  and  the  plane  face  of  the 
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cavity.  Approximately  1100  bags  of  cement  were  pumped  into  the  fault  zones 
A  2-month  strike  occurred  near  the  end  of  construction  of  Cavity  II. 
During  this  period  very  little  rock  was  excavated.  At  the  end  of  the 
strike,  a  thin,  friable  tuff  bed  was  exposed  on  the  plane  face.  At  this 
time,  large  movements  occurred  along  bedding  and  joint  planes  intersecting 
the  face,  and  remedial  bolting  was  required.  Two  months  after  completion 
of  the  cavity,  approximately  2  inches  of  gunite  were  placed  over  slabby 
areas  on  the  dome  and  the  plane  face . 

Wire  safety  nets  (l/2-inch  mesh)  were  placed  across  Cavities  I  and  II, 
30  feet  below  the  dome,  after  construction  had  proceeded  approximately  20 
feet  below  that  elevation.  The  net  prevented  rock  and  broken  bolts  from 
falling  on  the  men  working  below.  It  also  proved  to  be  a  useful  means  of 
gaining  access  to  the  dome  of  the  cavity  (refer  to  Fig.  9).  From  the  net, 
the  condition  of  the  rock  surface  could  be  checked,  extensometers  read, 
bolts  replaced,  and  gunite  placed. 

2.2  CONSTRUCTION  OF  THE  CAVITY  IN  GRANITE 

The  granite  cavity  (Cavity  III)  was  similar  in  shape  to  the  tuff  cavi 
ties,  but  was  much  smaller  in  size.  It  had  a  total  height  of  76  feet,  with 
a  hemispherical  radius  of  35  feet.  The  plane  face  of  the  cavity  had  an 
orientation  which  was  chosen  to  coincide  with  the  predominant  joint 
orientation  (strike:  N43°E,  dip:  74°SE). 

Rock  Bolts 

The  upper  portion  of  the  cavity  was  supported  with  24-foot-long  rock 
bolts  on  3-foot  centers,  the  middle  portion  with  l6-foot  bolts  on  3-foot 
centers,  and  the  lower  portion  with  8-  to  l6-foot  bolts  on  6-foot  centers. 
The  plane  face  of  the  cavity  was  bolted  with  16-foot  bolts  on  6-foot 
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centers.  Extra  bolts  were  placed  normal  to  the  predominant  joints  and 
fault  zones,  as  required.  Bolts  consisted  of  1-  and  l-l/8-inch  reinforcing 
bars,  anchored  with  standard  expansion  shells  and  tensioned  to  a  minimum  of 
20,000  pounds  by  torqueing.  The  bolts  were  completely  grouted  after 
torqueing,  using  a  fast-setting  gypsum  grout  (RMCO  F-8l  Sulfaset)  which 
was  pumped  into  the  hole.  Because  the  bolts  were  grouted  after  torqueing, 
loss  of  bolt  tension  was  not  a  problem  as  it  was  in  the  cavities  in  tuff. 

Construction  Procedure 

The  cavity  location  was  reached  from  the  surface  b y  excavating  a  400- 
foot  shaft,  then  driving  a  200-foot  drift  from  the  shaft  to  the  proposed 
cavity  location.  From  the  drift,  a  raise  was  driven  to  the  proposed  dome 
of  the  cavity,  where  excavation  was  commenced.  During  the  driving  of  the 
drift  and  raise,  the  faults  and  major  joint  systems  were  mapped  (Fig.  10). 
The  final  location  and  orientation  of  the  cavity  were  chosen  from  this 
information. 

The  construction  cycle  in  the  cavity  was  similar  to  that  described  for 
the  tuff  cavities.  The  cavity  was  excavated  ir.  3  months.  Very  little  dif¬ 
ficulty  was  encountered  in  excavation  and  support  of  the  cavity. 
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CHAPTER  3 


ROCK  CHARACTERISTICS 

3.1  CHARACTERISTICS  OF  THE  TUFF 

Introduction 

Rainier  Mesa  consists  of  ash-fall  and  ash-flow  tuffs,  cupped  by  a 
relatively  hard,  welded  tuff.  The  rock  in  the  vicinity  of  the  cavities 
consists  of  alternating  layers  of  red  to  yellow-white  porous  tuffs  of  very 
low  intact  strength  (Fig.  ll).  The  tuff  is  predominantly  thick-bedded  and 
massive,  except  for  occasional  thin  beds  (3  to  i8  inches)  of  soft,  friable, 
white  tuff  (Fig.  8).  The  bedding  planes  dip  8  to  15  degrees.  In  general, 
the  tuff  in  the  vicinity  of  the  cavities  was  not  heavily  jointed,  and  would 
be  classified  on  the  basis  of  its  in-situ  properties  as  a  good  to  excellent 
quality  rock. 

Natural  Discontinuities 

In  the  first  2400  feet  of  the  tunnel  leading  to  the  cavities,  a  series 
of  high  angle  faults  was  present.  One  fault,  at  station  14+00,  had  a  hard, 
polished  slickensided  surface  containing  striations  which  indicated  a  pre¬ 
dominant  dip-slip  movement.  Many  high  angle  joints  were  also  present  in 
the  first  2400  feet  of  the  tunnel.  One  prominent  series  was  vertical  and 
had  a  strike  of  45  degrees  across  the  tunnel.  In  the  last  2400  feet  of  the 
tunnel,  some  high  angle  joints  were  present,  but  there  was  very  little 
evidence  of  faulting  (Emerick,  1963). 

In  Cavity  I,  the  tuff  had  very  few  natural  joints.  Some  tight  verti¬ 
cal  joints  were  present,  but  did  not  cause  overbreak  during  construction. 
Bedding  plane  weaknesses  caused  some  preferred  orientation  of  the  cavity 
surface  (Fig.  ll). 
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DIP  OP  BEDDING 
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(2)  RED  TUFF,  HARO 
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<§>*  THIN  RED  TUFF,  HARO 
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®  WHITE  TUFF,  HARD 

*  DISTINCT  BEDDING  PLANES;  TENDENCY  TO  BREAK 
ALONG  BE  DOING  PLANES. 

Fig.  11.  Bedding  in  tuff,  dome  of  Cavity  I 


In  Cavity  II,  high  angle  joint  systems  w»'rr  pres-  nt  which,  in  combina¬ 
tion  with  the  friable  white  tuff  beds,  caused  overlreuk  and  d< ep-ceutod 
movements  on  the  plane  face.  Their  location  is  shown  in  Fig.  12.  Joint 

set  2  (a  set  of  natural  shear  fractures)  was  open  (  i  to  3  inches)  and  took 

« 

large  quantities  of  cement  grout.  The  set  was  present  in  some  portions  of 
the  cavity  as  a  5-  to  10-foot -wide  zone  of  vertical  fractures,  spaced  a  few 
inches  apart.  Faulting,  with  approximately  1  inch  of  vertical  offset,  was 
observed  on  this  set. 

In  both  cavities,  natural  fractures  were  more  prevalent  in  the  harder, 
brittle  tuffs.  Vertical  fractures  could  often  be  traced  in  a  more  brittle 
rock,  but  when  a  soft  bed  was  encountered,  the  fractures  tended  to  be 
smaller  and  less  distinct,  or  missing  altogether.  The  same  fracture  zone 
could  often  be  picked  up  again  beneath  the  soft  zone.  Alteration  and 
weathering  along  the  joints  were  not  apparent.  The  cavities  were  above  the 
water  table,  and  drips  along  joint  planes  were  net  observed  in  either 
cavity. 

Intact  Properties 

The  intact  properties  of  the  tuff  were  determined  from  standard  tests 
(described  by  Miller  and  Deere,  1967)  on  NX  core  specimens  taken  from  the 
vicinity  of  the  cavities.  The  tests  were  performed  in  the  Rock  Mechanics 
Laboratory  of  the  Civil  Engineering  Department  at  the  University  of 
Illinois. 

Fig.  13  shows  the  typical  behavior  in  unconfined  compression  of  a 
relatively  uncracked  specimen.  The  stress-strain  curve,  as  well  as 
Poisson's  ratio  and  the  sonic  pulse  velocity,  is  plotted  as  a  function  of 
the  axial  stress.  Two  cycles  are  shown:  the  first  cycle  was  run  to 
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1000  psi  in  25o-psi  increments.  Each  increment  was  placed  in  a  few  seconds 
time  but  was  al Lowed  to  remain  approximately  2  minutes  while  the  vertical 
and  lateral  strains  were  read  and  recorded  (SR-4  gages  and  strain  indi¬ 
cator)  and  the  sonic  velocity  obtained.  The  load  was  decreased  in  decre¬ 
ments  to  zero.  The  second  loading  was  then  initiated  and  continued  to 
failure.  The  stress  at  failure  is  correctly  plotted  but  the  strain  is  only 
estimated  beyond  the  point  of  the  last  reading  (shown  therefore  as  dashed 
line ) . 

The  stress-strain  curves  for  the  tuff  samples  were  approximately 
linear.  In  many  instances  there  was  a  slight  increase  in  modulus  at  higher 
stress  levels  which  was  probably  a  result  of  crack  closing.  Poisson's 
ratio  and  the  sonic  velocity  also  increased  as  the  samples  were  compressed 
and  cracks  were  closed.  Much  of  the  change  in  properties  at  the  low  stress 
levels  was  a  result  of  sample  disturbance.  For  this  reason,  the  stress- 
strain  properties  recorded  in  Table  I  were  determined  at  the  higher  stress 
levels.  The  table  summarizes  the  results  of  tests  on  39  natural  water  con¬ 
tent  specimens  and  six  air -dry  specimens.  Although  measured  strengths  for 
the  natural  water  content  specimens  ranged  as  high  as  5200  and  as  low  as 
61-0  psj. ,  most  of  the  tuff  in  the  cavities,  and  75$  of  the  samples  tested, 
fell  in  the  strength  range  of  1000  to  1800  psi.  According  to  the  engineer¬ 
ing  classification  for  intact  rock  (Miller  and  Deere,  1967),  the  tuff  is  a 
very  low-strength  rock  of  average  modulus  ratio. 

Laboratory  uniaxial  and  triaxiul  tests  performed  on  samples  from 
Rainier  Mesa  are  reported  by  Obert  (1964).  The  samples  are  believed  to 
have  been  tested  dry.  There  was  considerable  scatter  in  strengths  through¬ 
out  the  mesa,  but  for  samples  taken  from  the  cavity  access  drifts,  the 
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TABLE  I 


SUMMARY  OF  INTACT  PROPERTIES  OF  THE  T  HE 


Location 


Rock 

'Mi 


v 


y  ~ult 
pcf  psi 


Et 

psi 


Natural-  Water  Content, 

Cavity  I ,  access  Red  tuff  23-0  IP  lY'„0  0.1  x  10" 

drift  (6  sam¬ 
ples) 

Cavity  I,  access  Red  tuff  19*2  121  l6>0  0.10  x  10' 

drift  ( 10  sam¬ 
ples) 

Cavity  II ,  in¬ 
clined  core 
hole  from  ac¬ 
cess  drift  (10 
samples ) 


I  oiss  .  n '  s 
Rati  j 

R 


0. ' 


6 


Red  and  18.  121  13'. 0  0.12  x  1C 

yellow 
tuff 


0.22 


0.22 


Avg  (39  samples)  19*3  120  llOO  O.'O  X  10 

Maximum  Strength 


Cavity  1,  core  Yellow 

hole  U  -4  at  tuff 

center  of  plane 
face  '  1  sample) 


Cavity  I,  in-  Red  and 

dined  core  yellow 

hole  from  tuff 

access  drift 
(6  samples) 


Vp( lab) 
fps 


8,170 


8,3l0 


9,090 


0.2I  8,7/0 


17.  125  5125  2.26x10  0.09  12,09- 


Air  Dry 

1.6  100  32lO  0.92  x  106  0.13  8,130 


Note:  All  samples  approximately  2-1/8  inches  in  diameter  by  U-+/U  inches 
long. 

w  ,  water  content  in  percent  of  dry  weight. 

7  ,  natural  unit  weight  (unless  air -dried  as  noted). 

CTult  >  uHlma'te  unconfined  compressive  strength. 

Elastic  constants  (modulus  of  elasticity)  and  p  (Poisson's 

ratio)  are  tangent  values  at  stress  equal  to  one-half  of  compressive 
strength. 

Vp(lab)  ,  sonic  pulse  velocity  ( dilatational )  under  axial  stress  of 
1000  psi . 


uniaxial  strengths  averaged  2700  psi,  and  the  triaxial  properties  (from 
tests  at  confining  pressures  of  500  and  1000  psi )  were  ^  =  36  degrees 
and  c  =  500  psi  . 

Drying  of  the  Tuff 

When  exposed  to  air,  the  tuff  will  dry  out  and  become  more  brittle. 

The  test  results  for  samples  allowed  to  air -dry  in  the  laboratory  are  shown 
in  Table  I.  The  water  content  of  the  air -dried  samples  averaged  4.6$.  The 
strength  and  modulus  of  the  samples  were  almost  twice  the  strength  and 
modulus  for  natural  water  content  samples. 

Drying  of  the  tuff  occurred  at  the  surface  of  both  the  tunnel  and 
cavity  walls.  Water  contents  were  determined  from  samples  taken  from  the 
sr  ace  slabs  in  Cavity  I  in  August,  1-1/2  months  after  completion  of  the 
cavity : 

_ Description  Water  Content,  $ 

Air -dry  sample  (lab)  4.6 

Dome  (surface  slab)  13-2 

Curved  surface  (surface  slab)  17-2 

( 1-foot  depth)  22.6 

Plane  face,  center  of  cavity 

(surface  slab)  24.9 

These  results  show  that  drying  in  the  dome  was  much  more  advanced  than  in 
the  lower  portions  of  the  cavity,  where  only  slight  drying  of  the  rock  had 
occurred.  Drying  was  also  more  advanced  at  the  surface  than  at  a  depth  of 
1  foot. 

Very  little  drying  could  occur  when  the  tuff  was  freshly  excavated; 
therefore,  drying  was  not  the  cause  of  the  initial  fracturing  and  slabbing 
observed  throughout  the  cavities.  However,  some  of  the  deterioration  and 
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breakup  of  surface  slabs  which  occurred  after  the  cavities  were  completed 
was  a  result  of  drying.  This  condition  was  most  pronounced  in  the  dome 
of  the  cavities. 

Rock  Mass  Quality 

The  NX  core  was  recovered  in  pieces  approximately  1  foot  long, 
indicating  that  the  natural  joints  were  widely  spaced.  Based  on  the 
fracture  frequency,  the  in-situ  character  of  the  rock  (Rock  Mass  Quality, 
Appendix  A)  is  excellent.  The  shallow  fractured  rock  and  jointed  rock 
zones  have  a  higher  joint  frequency  and,  therefore,  a  much  lower  quality 
(poor  to  fair). 

Another  measure  of  rock  mass  quality  is  the  ratio  of  field  seismic 

compressional  velocity  to  the  laboratory  sonic  compressional  velocity 

o 

(Vpf/Vpl).  Onodera  (j-962)  used  a  "soundness  ratio"  (vpfAp1)  to  esti¬ 
mate  the  quality  of  a  rock  mass.  His  correlation  was  as  follows: 


Rock  Mass 
Quality 

Soundness  Ratio 

<W 

Velocity  Ratio 

'W 

I 

Excellent 

O.75-I.OO 

0.88-1.00 

II 

Good 

0.50-0.75 

0.70-0.88 

III 

Fair 

0.35-0.50 

0.60-0.70 

IV 

Poor 

0.20-0.35 

0.45-0.60 

V 

Very  poor 

0-0.20 

0-0.45 

A  ratio  of  one  is  indicative  of  an  excellent  quality  rock,  where  the  rock 
mass  has  few  natural,  discontinuities,  and  the  in-situ  properties  are 
therefore  similar  to  the  properties  of  an  intact  specimen.  A  similar 
correlation  was  obtained  by  Deere,  Hendron,  Patton,  and  Cording  (1967). 
They  related  the  velocity  ratio  to  the  "Rock  Quality  Designation,"  a 
quantitative  estimate  of  rock  mass  quality  described  in  Appendix  A. 

In  Cavity  I  the  velocity  ratio  for  the  undisturbed  tuff  was  0.89; 
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in  Cavity  II  it  was  0.79*  In  the  shallow  fractured  zones  in  the  cavities, 
the  velocity  ratio  averaged  0.33*  According  to  the  above  correlations 
between  rock  mass  quality  and  velocity  ratio,  a  velocity  ratio  of  O.89 
denotes  an  excellent  rock,  0.79  a  good  rock,  and  0.33  a  very  poor  rock. 

Because  the  tuff  is  not  heavily  jointed,  its  in-situ  deformation 
characteristics  would  be  expected  to  be  similar  to  those  of  the  intact 
specimen.  Displacements  in  the  cavities  were  predicted  on  the  basis  of 
the  average  intact  modulus  of  the  tuff  (0.5  x  10  psi )  determined  from 
samples  tested  at  their  natural  water  content . 

Natural  State  of  Stress 

The  natural  state  of  stress  in  the  tuff  mesa  was  reported  by 
Obert  (1964).  Lucius  Pitkin,  Inc.,  performed  the  tests  using  the  U.  S. 
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Bureau  o'.'  Miner;  deformution-overcoring  method  i\r  <k  ’  •'•mining  Jr  - 
stresses.  The  holes  were  overcored  to  a  ■:<  pth  f  ■']  proximo; •  [;,•  '  >  _ 

feet  in  the  sides  of  10-  to  lu-t’o ot-vl'h  tunri-  us.  TIk  maximum  stress  •  j:i- 
centration  usually  occurred  at  th-  most  sha;  Low  nie.uoujvm' •ip.  ,  will  eh  was 
00  inches  from  the  tunnel,  fltr'  sscs  near  th-  surf-.c'  v.v  r<  approximate  ly 
1.3  to  2.0  timr  s  th'  natural  stress  away  fr  11k  .  j  •  nlng.  The  stresses 
decreased  gradually  from  th'-  surface  t  a  .;<  rth  f  i  inches  (1/  to  2.0 
radii)  from  the  edge  of  th  opening. 

Fig.  l!  compares  tlv  stresses  rt  ■  rmlne  •'  at  th-  •  n.l  of  th'-  jvc-rcored 
holes  (at  a  sufficient  uistr-nco  from  th<  tunnel  siu* ,,ac<-  to  wo  relatively 
unaffected  by  the  stress  concr-ntrati  a  around  the-  tunnel)  with  the  height 
of  overburden.  Although  there  was  considerable  scatter,  the  natural  verti 

o 

cal  stress  was  found  to  be  approximately  equal  to  the  stress  due  to  th'- 
weight  of  overburden  (1000  psi  at  the  cavity  location).  Horizontal 
stresses  were  approximately  one-half  the  vertical.  These  values  wore  used 
in  the  elastic  equations  for  displacement  prediction. 

3.2  CHARACTERISTICS  OF  THE  GRANITE 

Cavity  III  was  located  at  a  depth  of  3' 0  foot  in  the  Climax  stock,  a 
granitic  intrusion  at  the  Nevada  Test  Site.  In  the  vicinity  of  the  cavity 
the  rock  is  a  porphyritic  quartz  monzonite  of  high  intact  strength.  The 
average  in-ritu  quality  of  the  rock  (Rock  Mass  Quality,  Appendix  A)  was 
fair  to  good.  Jointing  in  the  vicinity  of  the  cavity  cut  the  rock  into 
blocks  approximately  6  inches  to  2  feet  in  width. 

Geologic  Setting 

The  geologic  setting  of  the  Climax  stock  was  d(  scribed  by  Houser  and 
Poole  (1961): 
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Fig.  14.  Natural  stresses  in  Rainier  Mesa 
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"The  Climax  composite  stock  is  exposed  over  an  area  of  about 
1.5  square  miles  and  consists  predominantly  of  granodiurite  and 
porphyritic  quartz  monzonite.  Spilite  and  pegmatite  dikes  are 
common  locally.  Pervasive  hydrothermal  alteration  of  the  grano- 
diorite  quartz  monzonite  has  formed  clays,  sericite,  albite, 
orthoclase,  pyrite  and  quartz.  Post -intrusion  faults  are  common 
in  the  granitic  rocks,  and  in  the  adjacent  metamorphosed  carbonate 
rocks,  where  vertical  displacements  of  as  much  as  500  feet  occur. 

Three  prominent  joint  sets  with  average  attitudes  of  N32°W,  dip 
22°NE,  N64°W,  dip  vertical,  and  N35°E,  dip  vertical  are  present 
in  the  stock." 

Natural  Discontinuities 
Fig.  10  shows  the  orientation  of  the  major  joint  and  fault  systems  en¬ 
countered  in  the  drifts.  The  predominant  set  consists  of  joints  and  faults 
which  strike  approximately  7  degrees  off  the  line  of  the  main  drift  and  dip 
from  65  to  75  degrees.  This  set  was  encountered  as  a  major  fault  in  the 
first  100  feet  of  the  main  drift.  The  fault  varied  from  1  to  7  feet  in 
width  and  consisted  of  closely  sheared  and  weathered  (very  poor  quality) 
rock  with  a  red  and  yellow  soft  clay  gouge,  1  to  3  inches  thick.  A  sketch 
of  the  fault  at  station  0+48  is  shown  in  Fig.  15. 

Also  present  in  the  drift  was  a  low  angle  Joint  system  which  dipped  in 
the  direction  of  the  drift.  Both  the  fault  and  the  low  angle  joint  system 
tended  to  create  a  loose  and  slabby  rock  condition  when  intersecting  the 
crown  of  the  drift.  Light  steel  sets  were  placed  on  6-  to  8-foot  centers 
for  the  first  100  feet  of  the  drift  in  order  to  support  the  loosened  rock. 
Fig.  16  shows  the  support  being  placed  in  the  fault  zone  at  station  0+48. 
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Fig.  15.  Fault  zone,  station  0+48,  Cavity  III  access  drift 
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Faults  were  also  encountered  which  struck  across  the  main  drift.  One 


of  these  was  a  major  fault  which  dipped  at  45  degrees  and  crossed  the  drift 
at  station  Ch-80.  It  contained  a  6-inch  gouge  zone  of  soft  red  and  yellow 
clay  and  a  l/2-  to  1-inch-thick,  hard  clayey  slickensided  material.  (The 
direction  of  the  slickensides  indicated  that  strike-slip  movement  had 
occurred.)  The  fault  created  some  support  difficulties  in  a  side  drift 
which  was  driven  from  the  main  drift  at  this  location.  Initially,  the 
fault  was  in  the  lower  portion  of  the  side  drift,  but  when  approximately 
50  feet  had  been  driven,  the  fault  began  to  intersect  the  crown  of  the 
drift  (striking  parallel  to  the  drift).  This  resulted  in  a  loose  and 
slabby  rock  condition  overhead.  Steel  sets  were  placed  in  this  area  to 
support  the  slabs. 

In  zones  where  several  faults  intersected  each  other  it  was  commonly 
observed  that  the  faults  were  distorted  and  the  thickness  of  the  fault  zone 
was  increased.  Gouge  and  altered  rock  were  more  evident  in  these  locations. 
Major  faults  intersecting  in  the  vicinity  of  station  080  exhibited  these 
characteristics.  The  condition  also  existed  in  the  cavity. 

The  Rock  Mass  Quality  in  the  last  100  feet  of  the  main  drift  was  good 
to  excellent;  there  were  no  critically  oriented  faults;  and  the  only  sup¬ 
port  required  was  a  few  6-foot  rock  bolts  to  hold  loose  slabs.  The  major 
high  angle  Joint  set  was  present  in  this  portion  of  the  drift  as  a  series 
of  tight  Joints  spaced  on  1-  to  3 -foot  centers  (Fig.  17a).  Fig.  17b  shows 
the  rock  being  barred  down,  12  feet  above  the  main  drift  at  station  2+00, 
after  blasting  the  first  round  for  the  raise.  This  is  excellent  rock. 

The  rock  in  the  cavity  was  of  good  to  fair  quality,  with  some  poor 
rock  in  the  fault  zones.  (Fig.  18  is  a  photograph  of  the  rock  surface  in 
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Placing  mortar  behind  bearing  plate  in  dome  of  Cavity  III 


Fig.  19.  Plane  face  of  Cavity  III 


the  dome.)  Many  of  trn  irregularities  of  the  cavity  surface  were  caused  by 
the  major  high  angle  fault  system  and  the  Low  angLe  joint  system  which  were 
first  encountered  in  the  main  drift.  Weathering  and  alteration  were  ob¬ 
served  on  many  of  the  faults  and  some  of  the  joints  which  intersected  the 
cavity.  Limonite  stains,  sericite,  and  pyrite  were  present  in  addition  to 
the  products  of  shear  and  crushing  (my Ionites  and  gouge),  which  formed 
along  fault  planes. 

The  plane  face  of  the  cavity  was  oriented  parallel  to  the  main  joint 
system  in  order  to  obtain  a  relatively  smooth,  plane  surface  without  re¬ 
sorting  to  smooth -wall  or  presplit  blasting  techniques  (Fig.  19 )•  Most  of 
the  right  side  of  the  plane  face  fell  on  a  smooth  joint  surface,  as  desired. 
However,  the  joint  surface  was  not  smooth  and  continuous  over  the  entire 
face.  Directly  to  the  left  of  the  center  of  the  cavity,  a  high  angle  fault 
intersected  the  plane  face  at  a  5-  to  15-degree  angle.  This  distorted  the 
joint  system  which  formed  the  plane  face,  and  caused  overbroken  and  tight 
areas  on  the  face. 

The  cavity  was  located  above  the  natural  water  table.  Dripping  water 
was  observed  in  only  one  location  where  one  of  the  high  angle  fault  systems 
intersected  the  dome  of  the  cavity.  The  dripping  was  assumed  to  be  due  to 
vadose  water  percolating  downward  through  the  joint  system. 

Intact  Properties 

Laboratory  tests  performed  on  quartz  monzonite  samples  from  the  Climax 
stock  are  discussed  in  detail  in  Appendix  A,  Rock  Mass  Properties.  Two  un¬ 
weathered,  intact  NX  core  specimens  taken  from  Cavity  III  had  the  following 
average  properties: 


TO 


Unconfined  compressive  strength 


26,600  psi 


(Young's  tangent  modulus  at 
one -half  unconfined  compressive  g 

strength)  10.4  X  10  psi 

Sonic  compressional  velocity, 

zero  axial  stress  21,000  fps 

Sonic  compressional  velocity, 

5000-psi  axial  stress  21,600  fps 

Unit  veight  (air -dry)  167  pcf 

For  the  unweathered  samples,  the  stress -strain  curve  was  linear  to  failure. 
According  to  the  Engineering  Classification  for  Intact  Rock  (Miller  and 
Deere,  1966)  the  quartz  monzonite  is  a  high-strength  rock  of  average 
modulus  ratio. 
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that  higher  horizontal  stresses  might  be  present.  Doformation-overcoring 
test  results  from  a  depth  of  approximately  1000  feet  in  the  Climax  stock 
were  received  at  this  time  which  verified  this  conclusion.  The  tests 
showed  that  the  natural  horizontal  stresses  were  equal  to  or  slightly 
greater  than  the  vertical  stresses.  The  vertical  stresses  were  approxi¬ 
mately  equal  to  the  stress  due  to  the  weight  of  overburden. 
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CHAPTER  k 


OBSERVED  BEHAVIOR  OF  THE  CAVITIES  IN  TUFF 

4.1  MEASUREMENT  OF  ROCK  DISPLACEMENT  WITH  EXTENSOMETERS 

Rock  movement  in  the  cavities  was  measured  with  extensometers  which  were 
installed  in  holes  drilled  radially  from  the  freshly  excavated  cavity  surface. 
During  construction  of  the  cavities  movements  were  recorded  on  a  daily  or  semi¬ 
weekly  basis  and  compared  with  excavation  progress .  The  extensometers  recorded 
the  movements  which  occurred  subsequent  to  their  installation.  These  move¬ 
ments  occurred  as  a  result  of  continued  excavation  of  the  cavities  and  as  a 
result  of  progressive  loosening  of  the  rock  mass. 

Multiple  anchors  were  placed  at  varying  depths  to  determine  the  depth 
at  which  movements  were  concentrated.  According  to  theory,  movements 
caused  by  the  cavity  excavation  decrease  with  distance  from  the  cavity; 
therefore,  the  absolute  movement  of  the  deepest  anchor  of  a  set  will  be  the 
smallest.  For  this  reason  displacement -depth  relations  have  been  plotted 
with  respect  to  the  deepest  anchor.  The  absolute  movement  of  this  anchor 
is  not  known. 

In  the  tuff,  both  single-  and  multiple-position  extensometers  were  used 
to  measure  rock  movement  (Fig.  20).  For  comparison  purposes,  the  two  types 
of  extensometers  were  installed  within  a  few  feet  of  each  other  on  the 
plane  face  in  Cavity  II.  Their  movements  ;.’°re  quite  similar,  as  shown  in 
Fig.  21.  (in  the  granite,  only  single-position  units  were  used.) 

Description  of  Single-Position  Extensometer 

The  single-position  extensometer  was  designed  by  Dr.  John  Reed  of  the 
Colorado  School  of  Mines  (Fig.  20a).  It  consisted  of  a  standard  expansion 
shell  anchor  connected  to  a  l/2-inch  steel  rod.  A  depth  micrometer  was 
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EM£NT 


DEPTH,  FEET 


Fig.  21.  Comparison  of  displacements  of  single 
and  multiple -position  extensometers 
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used  to  measure  the  displacement  of  the  anchored  rod  with  respect  to  a 
hollow  steel  bolt  fixed  at  the  surface.  Measurements  were  made  to  the 
nearest  0.001  inch. 

The  single-position  units  were  commonly  installed  in  groups  of  three 
or  four,  spaced  1  to  2  feet  apart  on  the  surface,  with  lengths  varying  from 
5  to  50  feet. 

Description  of  Multiple-Position  Extensometer 

The  multiple- position  extensometer  (Fig.  20b)  was  developed  during  the 
initial  stages  of  construction  when  the  need  arose  for  a  remote  and  rapid 
readout  of  rock  movements.  The  extensometers  were  designed  and  built  by 
the  Slope  Indicator  Company  of  Seattle,  Washington.  Movements  were  recorded 
to  the  nearest  0.002  inch.  Each  unilt  consisted  of  four  to  six  anchors  in  a 
single  hole,  with  0.043-inch  steel  wire  extending  from  the  anchor  to  the 
surface,  where  it  was  connected  to  a  flexible  0.025-inch  stainless  steel 
cable.  The  cable  ran  over  a  pulley  which  actuated  a  one-turn  rotary 
potentiometer.  Each  cable  was  tensioned  by  two  negator  extension  springs 
which  provided  a  constant  tension  of  10  pounds.  The  extensometers  were 
read  at  a  central  location  in  the  cavities  with  a  portable  Wheatstone 
Bridge.  One-hundred- foot  cables  led  from  the  extensometer  to  the  readout 
location. 

The  original  anchors  were  placed  by  expanding  a  wedge-type  mechanical 
anchor  using  an  inner  rod  and  outer  pipe  as  a  setting  tool.  Difficulties 
were  encountered  placing  the  anchors  by  this  method:  there  was  a  tendency 
for  wires  to  become  tangled  when  installing  a  large  number  of  anchors ,  and 
the  installation  required  a  large  amount  of  time.  The  anchorage  system  was 
redesigned  using  grouted  anchors.  All  anchor  wires  were  placed  inside  a 
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50-  to  100-foot -long,  1-inch-diameter  polyethylene  tube.  The  1-inch  tube 
provided  protection  for  the  anchor  wires  and  prevented  their  tangling. 

The  anchors  consisted  of  2 -inch -diameter  aluminum  cylinders,  which 
were  placed  around  the  tubing  and  bolted  to  plugs  inside  the  tubing.  The 
anchor  wires  were  tied  into  these  plugs.  When  the  assembly  was  grouted  in 
place,  the  aluminum  cylinders  acted  as  anchors,  while  the  tubing  between 
the  anchors  deformed  with  the  rock.  Multiple  grout  and  deair  tubes  were 
installed  with  the  assembly  to  ensure  that  the  hole  would  be  filled  with 
the  pumped  grout  and  that  a  positive  anchorage  would  be  obtained.  The  en¬ 
tire  assembly  was  prefabricated  with  anchors  placed  at  10-foot  intervals. 
The  assembly  could  be  coiled  for  shipment  and  handling,  but  was  stiff 
enough  to  be  pushed  into  a  2-l/8-inch -diameter  hole. 
k.2  ROCK  DISPLACEMENTS 

The  observed  extensometer  displacements  are  discussed  on  the  basis  of 
four  locations  in  the  cavities:  (A)  Dome,  (B)  Intersection  of  Dome  and 
Plane  Face,  (C)  Curved  Surfaces,  and  (D)  Plane  Face.  These  symbols  have 
also  been  used  to  number  the  extensometers .  Thus  extensometer  number 
II-D-3  is  located  on  the  plane  face  of  Cavity  II. 

In  Figs.  22  and  23,  some  typical  extensometer  movements  are  plotted 
with  time  and  compared  with  excavation  progress.  For  each  extensometer  set 
the  movement  of  the  surface  with  respect  to  either  the  30-  or  50-foot 
anchor  has  been  recorded.  (The  displacement -depth  relations  for  a  given 
extensometer  set  are  not  shown  in  these  figures . )  The  location  of  the 
extensometer  in  the  cavity  is  shown  in  the  insert  on  the  upper  right  corner 
of  the  figure.  The  height  of  the  extensometer  above  the  cavity  floor  at 
the  time  of  installation  is  shown  in  the  upper  portion  of  the  figure. 
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Displacement  of  Cavity  II  surface  with  respect  to  deep 
(30-  and  50-ft)  extensometer  anchors 


Displacement -time  and  displacement-depth  relations  I'or  al.  Lhu  extensom- 
eters  installed  in  Cavities  I  and  II  are  presented  in  Appendix  B. 

Dome  (A) 

Displacements  into  Cavities  I  and  II  were  initially  .-.mall  (0.1  to  0.4 
inch)  and  proportional  to  the  change  in  span  width  o£  the  cavity.  Most  of 
the  initial  movement  was  concentrated  in  the  first  20  feet  from  the  surface. 
With  time,  continued  displacements  occurred  which  were  unrelated  to  the 
change  in  cavity  sice  (Fig.  22,  extensometer  I-A-l;  Fig.  23,  extensometer 
II-A-l).  The  movements,  although  large,  were  of  local  extent.  They  were 
concentrated  within  the  first  5  feet  from  the  cavity  surface  and  were  as¬ 
sociated  with  shallow  slabbing  and  cracking  of  the  rock  surface.  Rock  pro- 

|' 

| 

truding  into  the  cavity  was  most  susceptible  to  this  behavior.  Gome  of  the 
other  extensometer  s  in  the  domes,  not  located  on  rock  protrusions,  did  not 
exhibit  these  large  movements  (extensometer  I-A-2,  Fig.  22;  extensometer 
II-A-2,  Fig.  23). 

Intersection  of  Dome  and  Plane  Face  (B) 

The  horizontal  movements  at  the  intersection  of  the  dome  and  plane  face 
in  both  cavities  were  very  small  (less  than  0.04  inch),  and  in  some  in¬ 
stances  negative  (indicating  movement  away  from  the  cavity).  There  was 
very  little  continued  movement  with  construction  or  time  after  the  initial 
movements  lad  occurred  (extensometer  II-B-1,  Fig.  22). 

Curved  Surfaces  (C) 

Movement  on  the  curved  surface  of  the  cavities  was  generally  small 
(less  than  0.2  inch  in  Cavity  I,  up  to  0.4  to  0.6  inch  in  Cavity  II).  Sur¬ 
face  cracking  and  shallow  movements  were  not  as  common  as  in  the  dome.  Ex- 
tensometers  I-C-l  (Fig.  22)  and  II-C-1  (Fig.  23)  illustrate  this  condition. 
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Plane  Face  (D) 

In  Cavity  I,  movements  up  to  0.2  inch  were  measured  on  the  horizontal 
diameter  of  the  plane  face  ( extensometers  I-D-l  and  I-D-2,  Fig.  22).  The 
deflection  decreased  uniformly  to  a  depth  of  30  feet;  there  was  very  l->ttle 
concentration  of  movement  within  the  first  5  feet.  Rock  displacement  was 
closely  related  to  excavation  of  the  face.  Continued  displacements  with 
time  were  negligible  and  slabbing  was  not  prominent. 

In  Cavity  II,  large  movements  (l  to  2  inches)  occurred  in  August  and 
September  over  large  portions  of  the  plane  face,  caused  by  the  instability 
of  wedges  of  rock  which  were  bounded  by  joints  and  bedding  plane  weaknesses. 
Some  significant  movements  were  measured  at  depths  between  10  and  30  feet, 
although  much  of  the  movement  occurred  in  the  first  5  to  10  feet.  Exten¬ 
someters  II-D-1,  II-D-2,  and  II-D-3  (Fig.  23),  located  on  the  plane  face, 
showed  a  rapid  increase  in  the  rate  of  movement  during  this  period.  The 
movement  ceased  in  mid-September  when  additional  rock  bolts  were  placed 
through  the  zone  of  movement. 

4.3  FRACTURING  IN  THE  TUFF 

Excavation  in  the  tuff  provided  an  excellent  opportunity  for  observing 
the  formation  of  fractures  around  openings.  The  tuff  had  a  low  strength 
with  respect  to  the  in-situ  stresses  and  had  an  excellent  rock  mass  quality; 
therefore,  its  behavior  was  similar  to  that  of  a  highly  stressed,  brittle, 
homogeneous  material.  Excavation  created  a  failure  condition  at  the  edge 
of  the  opening  which  resulted  in  the  immediate  formation  of  fractures  par¬ 
allel  to  the  surface  of  the  opening.  There  were  very  few  discontinuities 
in  the  rock  mass  to  mask  or  modify  the  formation  of  the  factures. 
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Fracturing  occurred  in  both  large  and  small  openings.  In  the  drifts, 
fracturing  occurred  predominantly  in  the  side  walls.  Hairline  fractures 
were  observed  to  depths  of  approximately  2  feet.  Thin  (2-  to  6-inch)  slabs 
formed  and  fell  from  the  side  walls  of  the  drift.  In  the  cavities  the  size 
and  orientation  of  individual  slabs  were  strongly  controlled  by  the  frac¬ 
tures  which  formed  during  initial  excavation.  The  slabs  were  subparallel 
to  the  surface  and  created  an  onionskin  appearance  in  the  cavities.  The 
average  thickness  of  the  loosened,  slabby  rock- -approximately  3  feet --was 
dependent  on  the  rock  excavation  and  support  techniques  used  during 
construction. 

Drifts 

Access  tunnels  and  drifts  in  the  tuff  were  commonly  10  by  10  feet  and 


13  by  13  feet  in  cross  section.  Support  consisted  of  steel  horseshoe  sets 
placed  on  8-foot  centers,  lagged,  and  lightly  blocked  in  the  crown  of  the 
drift.  The  amount  of  slabbing  and  overbreak  in  the  drifts  was  observed  in 
order  to  obtain  information  on  the  failure  characteristics  of  the  tuff. 
Fractures  which  formed  behind  the  walls  of  the  main  drifts  were  mapped  when 
side  drifts  and  rooms  were  cut  into  the  min  drifts,  exposing  the  rock 
around  the  drifts. 

The  typical  fracture  patterns  observed  in  the  drifts  are  sketched  in 
Fig.  24.  Slabbing  and  fracturing  were  most  prominent  on  the  side  walls  of 
the  drift,  where  hairline  fractures  formed  parallel  to  the  opening  to  a 
depth  of  2  to  3  feet  from  the  surface.  The  fracturing  in  the  roof  and 
floor  was  not  as  deep  or  as  prominent.  In  many  cases,  fractures  did  not 
occur  in  the  roof.  At  the  bottom  corners  of  the  drifts  the  fractures  were 
closely  spaced  and  parallel,  and  close  to  the  edge  of  the  opening.  Surface 
slabs  on  the  side  walls  varied  in  thickness  from  approximately  l/2  to 
3  inches. 

The  wide,  oval  tunnel  section  illustrated  in  Fig.  24a  is  a  result 
of  progressive  slabbing  of  the  side  walls.  This  tunnel  section  was  driven 
in  a  relatively  hard,  brittle  tuff.  Immediately  after  blasting,  slight 
popping  of  the  rock  could  be  heard,  accompanied  in  sane  instances  by  thin 
spalls  from  the  rock  surface.  Rock  fracturing  was  observed  in  the  walls  of 
an  alcove,  in  the  vicinity  of  a  tunnel  (Fig.  25).  Some  of  the  fractures 
appeared  to  be  concentrated  along  a  vertical  plane,  possibly  a  fault  zone. 

Rock  failure  was  also  observed  in  smaller  openings.  The  fracturing 
sketched  in  Fig.  26  was  observed  in  3-  and  8-inch  horizontal  drill  holes  and 
in  a  small,  unsupported,  7-foot-high  side  drift.  As  in  the  large  drifts,  the 
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SECTION  A-A 


SCALE  IN  FEET 
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TO  PORTAL  t 


ALCOVE 


SECTION  B-B 


TO  CAVITY  H  I 


PLAN 


SOME  FRACTURES  OCCURRED 
UP  TO  •'  FROM  WALL  OF  DRIFT 


HEAVILY  FRACTURED  ZONE;  POSSIBLY 
ASSOCIATED  WITH  A  JOINT  PLANE 


Fig.  25.  Fracturing  in  alcove,  Cavity  II  access  drift 
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prominent  fracturing  occurred  on  the  sides  of  the  openings.  In  the  small 
drif+ ,  1-inch  slabs  formed  on  the  side  wall  and  tapered  toward  the  top  and 
bottom  of  the  wall.  Only  one  fracture  was  observed  in  the  crown;  it  ap¬ 
peared  to  be  controlled  by  a  bedding  plane  weakness. 

In  Fig.  27  a  tunnel  section  is  shown  where  fracturing  in  the  crown, 
parallel  to  bedding  planes,  has  occurred.  The  bedding  planes  in  this  por¬ 
tion  of  the  drift  were  more  prominent  than  in  the  sections  illustrated  in 
Fig.  24.  It  is  apparent  that  the  fractures  in  the  crown  resulted  from  the 
presence  of  bedding  plane  weaknesses . 

Slabbing  in  the  crown  of  the  drifts  was  so  extensive  in  a  few  in¬ 
stances  that  large  amounts  of  overbreak  occurred.  In  Fig.  28,  two  profiles 
are  shown  where  the  main  drift  intersects  the  lower  portion  of  Cavity  I. 

In  the  section  of  Fig.  28b,  there  was  no  evidence  of  an  overbroken  zone  in 
the  crown.  In  the  section  of  Fig.  28a,  a  large  overbroken  zone  was  present, 
much  of  which  had  formed  prior  to  excavation  of  the  cavity.  A  photograph 
of  this  zone  is  shown  in  Fig.  29.  At  this  location  rotting  timbers  had 
allowed  loosening  of  the  rock  in  the  crown  of  the  drift.  These  timbers 
were  being  replaced  when  overbreak  began  to  occur.  Ten  feet  of  rock  were 
removed  from  above  the  crown  before  a  condition  was  reached  where  no  more 
large  slabs  formed.  It  is  probable  that  bedding  or  joint  discontinuities 
were  present  which  aided  the  overbreak.  The  overbreak  above  the  crown 
would  not  have  occurred  if  a  minimum  amount  of  support  had  been  maintained. 

It  is  probable  that  the  hairline  fractures  observed  in  the  side  walls 
of  the  drifts  occurred  immediately  upon  excavation,  in  response  to  the 
stress  changes  around  the  opening.  They  occurred  regardless  of  the  type  of 
support  used.  However,  proper  support  will  prevent  the  opening  of  fractures 
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CRACKS  DUE  TO 
INTERSECTION  OF 
CAVITY  AND  DRIFT 


CRIBBING 


Fig.  28.  Overbreak  in  access  drift  at  entrance  to  Cavity  I 
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and  overbreak  in  access  drifts  intersecting  Cavity  T 


and  continued  rock  slabbing,  such  as  occurred  in  the  overbroken  tunnel 
section,  Fig.  29. 

Cavities 

Slabbing  similar  to  that  described  in  the  drifts  occurred  during  the 
initial  excavation  of  the  cavities .  Slabs  formed  on  the  side  walls  of  the 
cavity  immediately  after  excavation,  as  illustrated  in  Fig.  30*  The  slabs 
varied  in  thickness  from  a  few  inches  to  approximately  1  foot  and  feathered 
out  toward  the  top  of  the  wall.  In  some  cases  slight  popping  noises  were 
heard  as  thin  slabs  loosened  after  blasting  in  the  side  walls.  This  was 
most  apparent  when  the  cavity  width  was  large  with  respect  to  the  height.  With 
this  geometry,  high  stress  concentrations  tend  to  develop  in  the  side  walls. 

In  some  instances  fracturing  in  the  cavity  was  affected  by  bedding 
plane  weaknesses.  Some  overbreak  occurred  along  bedding  planes,  partic¬ 
ularly  in  zones  where  a  change  in  lithology  occurred,  such  as  at  the  con¬ 
tact  between  a  relatively  hard  red  tuff  and  a  soft,  friable  white  tuff 
(Fig.  11). 

Rock -bolting  also  affected  the  formation  of  slabs  in  the  cavities. 

When  blasting  next  to  a  bolted  area  it  was  ccmmonly  observed  that  slabbing 
did  not  occur  beneath  the  tensioned  bolts.  Overbreak  often  occurred  to  the 
edge  of  the  tensioned  bolt,  leaving  it  on  a  pedestal  of  rock,  a  foot  or  so 
above  the  overbroken  zone.  If  bolts  were  not  tensioned  prior  to  shooting 
the  adjacent  rock,  overbreak  would  often  remove  a  foot  or  two  of  rock  from 
beneath  the  bearing  plate.  Rapid  placement  of  rock  bolts  prevented  exces¬ 
sive  opening  of  the  extension  fractures  and  reduced  the  amount  of  slabby 
rock  formed.  However,  in  some  zones  of  highly  stressed  and  brittle  rock, 
overbreak  and  slabbing  could  not  be  prevented. 
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Fig.  30.  Slabs  formed  during  ex>"avuti<  n  in  dom<  <  1*  Cavity  I 


Fig.  31  shows  the  effect  of  blasting  in  the  vicinity  of  a  tensioned 
rock  bolt  in  the  dome  of  Cavity  I .  Approximately  4  feet  of  rocx  had  been 
blasted  from  one  of  the  walls.  As  the  miners  barred  down  the  loose  rock  in 
the  dome,  additional  fractures  and  slabs  formed  parallel  to  the  fresh  sur¬ 
face.  Barring  of  loose  slabs  was  continued  until  a  stable  arch  was  formed. 
This  arch  was  supported  on  one  side  by  the  wall  of  the  cavity  and  on  the 
other  by  a  tensioned  rock  bolt .  Loose  slabs  did  not  form  beneath  the  rock 
bolt ,  although  fractures  were  observed  to  extend  beneath  the  bolt  from  the 
slabbed  area.  The  tensioning  of  the  bolt  restrained  the  rock  mass,  prevent¬ 
ing  its  slabbing  and  progressive  failure. 

The  cavities,  unlike  the  tunnel  sections,  were  constructed  in  stages 
from  the  top  down.  At  any  stage  of  construction,  fractures  formed  around 
the  opening  in  response  to  the  existing  stress  conditions.  Because  of  the 
absence  of  rock  bolts  in  the  lower  portion  of  the  excavation,  new  slabbing 
and  fracturing  at  any  stage  of  excavation  were  concentrated  near  the  inter¬ 
section  of  the  floor  and  wall.  The  fractures  which  formed  in  this  part  of 
the  excavation  paralleled  the  surface  and  therefore  dipped  downward  and 
into  the  cavity.  Further  excavation  exposed  the  fractures  formed  at 
earlier  stages  of  excavation.  Thus,  the  slabs  formed  from  these  fractures 
also  trended  downward  and  into  the  cavity.  This  was  observed  in  both  cavi¬ 
ties.  Fig.  32  shows  the  orientation  of  the  slabs  in  Cavity  I.  Fig.  33  is 
a  photograph  of  slabs  formed  on  the  curved  surface  of  Cavity  I,  which  dip 
into  the  cavity.  (These  slabs  are  not  typical  for  the  curved  surface  of 
the  cavity;  most  slabs  were  much  less  prominent-) 

There  were  a  few  instances  of  "bumping"  in  Cavity  I  during  construc¬ 
tion.  The  bumps  were  concentrated  in  the  floor  of  the  cavity.  On  April  1 
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a  small  bump  occurred  in  Cavity  I  approximately  6  hours  after  blasting, 
when  the  cavity  was  44  feet  high  (one-third  of  its  completed  height). 

Miners  working  in  the  cavity  at  the  time  heard  a  sharp  report  and  felt  the 
movement  whijn  appeared  to  be  concentrated  in  the  floor  in  the  vicinity  of 
the  plane  face.  Miners  near  the  plane  face  reported  that  the  movement  made 
their  legs  ache.  Men  in  other  portions  of  the  cavity  observed  some  verti¬ 
cal  movement  of  the  miners  at  the  plane  face:  "It  appeared  as  if  they  went 
a  foot  in  the  air."  A  smaller  bump  occurred  during  the  next  shift,  approxi¬ 
mately  eight  hours  later.  Extensometers  in  the  dome  and  upper  portion  of 
the  plane  face  showed  no  increased  movement  due  to  the  bumps.  It  seems 
probable  that  the  bumps  resulted  from  a  rapid  release  of  strain  energy 
which  was  associated  with  fracturing  behind  the  floor  and  plane  face  of  the 
cavity,  parallel  to  the  cavity  surface. 

Lateral  movement  along  fractures  occurred  in  the  cavities  and  was  ob¬ 
served  by  examining  offsets  of  old  drill  holes.  One-  and  2-inch  offsets 
were  found  at  depths  up  to  7  feet  in  the  dome  of  both  Cavities  I  and  II  and 
on  the  plane  face  of  Cavity  II.  Some  of  the  offsets  on  the  plane  face  of 
Cavity  II  are  shown  as  arrows  in  Fig.  12.  Large  rock  slabs  and  protrusions 
were  commonly  offset  along  fractures  at  their  base.  The  relative  displace¬ 
ment  of  the  shallow  rock  was  usually  in  the  direction  of  the  feathered  edge 
of  the  slab.  These  shearing  displacements  were  related  to  the  local  geom¬ 
etry  of  the  fractures  rather  than  to  a  displacement  pattern  for  a  continuum. 
4.4  SEISMIC  REFRACTION  SURVEY 

Seismic  refraction  surveys  were  performed  in  the  tuff  cavities  by  the 
United  States  Geological  Survey  to  determine  the  nature  of  the  destressed 
rock  surrounding  the  cavities  (Scott  and  Cunningham,  1965). 
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High-frequency  accelerometers  were  placed  at  10-fc  at  ini'  rvalc  along 
linear  arrays  on  the  rod  surface.  The  total  length  of  the  refraction 
lines  ranged  from  oO  to  120  feet.  By  shooting  at  both  ends  of  the  array, 
the  thickness  of  the  low-velocity  zone  at  each  gage  location  could  be 
determined  (Scott  and  Cunningham,  1965). 

The  seismic  dilatational  velocities  and  the  thickness  of  the  low- 
velocity  zone  at  various  locations  in  the  cavities  are  summarized  in 
Table  II.  Sections  in  the  dome  of  Cavities  I  an  1  II  are  presented  in 
Figs.  3k  and  3,  • 

The  in- situ  silatational  (  leop  refaction)  velocity  averaged  7200  fps, 
17%  less  than  the  velocity  of  the  intact  specimen.  Velocities  in  the  shal¬ 
low,  fractured  rock  surrounding  the  cavity  averaged  3300  fps.  The  average 
thickness  of  the  shallow,  low- velocity  zone  was  3.3  feet.  Where  protrusions 
of  rock  into  the  cavity  were  present,  the  thickness  of  the  low-velocity  zone 
increased  to  5  to  7  feet. 

Effect  of  Fracturing  on  the  Deep  Refraction  Velocity 

The  prominent  fracturing  and  slabbing  in  the  cavities  occurred  within 
the  first  3  feet  from  the  surface  and  were  measured  as  a  velocity  discon¬ 
tinuity  with  the  seismic  refraction  method.  However,  fracturing  was  not 
limited  to  this  depth.  The  presence  of  fractures  at  greater  depth  was  in¬ 
dicated  by  lower  values  for  the  deep  refraction  velocity.  The  deep  refrac¬ 
tion  velocity  is  determined  from  a  pulse  which  travels  directly  behind  the 
low-velocity  zone  over  the  entire  length  of  the  refraction  line;  the  veloc¬ 
ity  of  the  pulse  is  therefore  affected  by  fractures  behind  the  low-velocity 
zone. 

Velocities  were  also  determined  at  depth,  perpendicular  to  the  plane 
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TABLE  II 


SEISMIC  REFRACTION  SURVEY,  CAVITIES  I  AND  II 


Average 
Thickness 
of  Low- 
Velocity 
Zone 
ft 

Ratio  of 
Shallow 

Shallow  Refraction 

Refraction  Velocity- 
Velocity  to  Lab 

fps  Velocity 

Deep 

Refraction 

Velocity 

V 

fps 

Ratio  of  Deep 
Refraction 
Velocity,  V 

to  Lab 

Velocity,  V^ 

Cavity  I 

Dome,  line  1 

1-7 

5800 

0.67 

Dome,  line  2 

3-5  (7-0)* 

7325 

0.84 

Plane  face 

3.7 

3190  O.36 

7350 

0.84 

Curved  surface 

3-0 

8350 

0.96 

Avg 

3-4 

Cavity  II 

7550 

0.86 

Dome 

3*1  (5-0)* 

6760 

0.77 

Plane  face 

3-5 

3360  0.37 

6425 

0.73 

Curved  surface 

3-0 

7450 

O.85 

Avg 

3-2 

6880 

0.79 

*  Thickness  at  prominent  protrusion. 
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Fig.  3^-  Seismic  refraction  profiles,  Cavity  I 
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Fig.  35*  Seismic  refraction  profiles,  Cavity  IT 
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face  of  the  cavity,  by  measuring  the  travel  time  of  a  directly  propagated 
wave'  between  the  plane  face  of  the  cavity  and  a  drift  located  l^t  feet  be¬ 
hind  the  plane  face.  In  Table  III  these  values  have  been  compared  with  the 
deep  refraction  velocities  obtained  from  the  refraction  surveys  on  the  sur¬ 
face  of  the  plane  face.  The  deep  refraction  velocities  were  generally 
lower  than  the  directly  propagated  velocities.  This  seems  to  indicate  that 
slight  fracturing  behind  the  low-velocity  zone  had  decreased  the  deep  re¬ 
fraction  velocity.  The  differences  between  the  two  types  of  velocity  can¬ 
not  be  attributed  to  the  direction  of  propagation  of  the  waves;  there  does 
not  appear  to  be  a  significant  velocity  anisotropy  due  to  bedding  in  the 
tuff. 

In  the  refraction  line  run  across  the  dome  of  Cavity  I,  the  deep  re¬ 
fraction  velocity  was  significantly  lower  ( 5800  fps)  than  in  other  portions 
of  the  cavity  (Table  II).  The  thickness  of  the  low- velocity  zone  was  only 
1.7  feet  at  this  location.  It  is  probable  that  this  was  a  result  of  loosen¬ 
ing  of  thin  slabs  in  the  dome,  which  created  a  velocity  discontinuity  at 
1.7  feet.  The  low  value  of  the  deep  refraction  velocity  indicates  that 
fracturing  behind  the  first  velocity  discontinuity  had  occurred.  Because 
of  the  short  length  of  the  refraction  line,  it  could  not  be  determined  if 
there  was  a  second  velocity  discontinuity  at  greater  depth. 

Effect  of  Rock  Movement  on  Depth  of  Low-Velocity  Zone 

The  depth  of  the  low-velocity  zone  along  the  horizontal  diameter  of 
the  plane  face  of  Cavity  II  is  illustrated  in  Fig.  12.  Refraction  surveys 
were  performed  in  June  when  that  portion  of  the  cavity  had  just  been  exca¬ 
vated  and  again  in  September  when  the  cavity  was  completed.  During  this 
time,  there  was  no  significant  change  in  either  the  shallow  velocity  or  the 
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TABU?  Ill 


COMPARISON  OF  DEEP  REFRACTION  AIID  DIRECTLY  PROPAGATED 
SEISMIC  VELOCITIES  WITH  LABORATORY  SONIC  VELOCITY 


Location 

V 

fps 

w 

Vsf 

fps 

Mdf 

*df 

psi  x  10f> 

(  _2I]  „ 

Vvi)  Edi 

Edf^i 

Cavity 

I,  plane  face,  horizontal 

diameter 

a . 

Deep  refraction  velocity 

7000 

0.80 

3860 

0.28 

0.99 

O.ol* 

1.9P 

b. 

Directly  propagated  velocity 

7610 

0.87 

3930 

0.32 

1.08 

0.70 

2.18 

Cavity 

I ,  plane  face ,  vertical 

diameter 

a . 

Deep  refraction  velocity 

7700 

0.88 

3850 

0.33 

1.06 

0.78 

2. 12 

b. 

Directly  propagated  velocity 

7790 

O.89 

1*090 

0.31 

l.lo 

0.79 

2.32 

Cavity  I ,  avg 

7530 

O.85 

3890 

0.31 

1.06 

0.72 

2.12 

Cavity  II,  plane  face,  horizontal 

diameter 

a. 

Deep  refraction  velocity 

6600 

0.75 

3180 

0.31 

0.71 

0.56 

1.1(2 

b. 

Directly  propagated  velocity 

6950 

0.79 

3820 

0.28 

O.98 

0.62 

1.90 

Cavity 

II,  plane  face,  vertical 

diameter 

a. 

Deep  refraction  velocity 

6250 

O.71 

3730 

0.22 

O.89 

0.50 

1.78 

b. 

Directly  propagated  velocity 

6530 

0.7*t 

3680 

0.27 

0.90 

0.55 

1.80 

Cavity  II,  avg 

6580 

0.75 

3600 

0.28 

0.87 

0.56 

1.7l* 

Note:  Deep  refraction  velocity  is  determined  from  pulse  propagated  directly  behind  low' velocity 

zone;  directly  propagated  velocity  is  determined  from  a  pulse  propagated  In  undisturbed  rock, 
perpendicular  to  rock  surface. 

V  ^  =  seismic  compresslonal  velocity ,  field. 

Vpl  =  sonic  compresslonal  velocity,  lab  (V  ^  =  8750  fps  for  tuff). 

Vgf  =  seismic  shear  velocity,  field. 

E^j,  =  Young's  modulus  determined  from  field  seismic  velocity. 

Edl  =>  Young's  modulus  determined  from  lab  sonic  velocity. 

E.  -  Young's  modulus,  tangent  at  one -half  unconfined  compressive  strength,  intact 
specimen  (E^  =  0.5  x  10®  psl  for  tuff). 

p._  =  Poisson's  ratio  determined  from  field  seismic  velocities, 
di 

Elastic  relations: 
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deep  velocity.  The  depth  of  the  low-velocity  zone  did  not  change  on  the 
right  side  of  the  plane  face,  but  increased  slightly  on  the  left  side  (by 
apj  r  ximately  1  to  2  feet). 

The  increase  in  the  thickness  of  the  low-velocity  zone  appears  to  be 
related  to  the  large  movements  which  occurred  on  the  left  side  of  the 
cavity  after  the  initial  refraction  survey  had  been  performed.  It  is  be¬ 
lieved  to  have  been  caused  by  additional  fracturing  and  opening  of  old 
fractures  within  the  first  10  feet,  during  the  period  when  the  large  move¬ 
ments  occurred  in  this  portion  of  the  cavity.  Large  movements  occurred  on 
the  right  side  of  the  cavity  between  10  and  30  feet  ( extensometer  D-4),  but 
did  not  cause  any  significant  change  in  either  shallow  or  deep  velocity,  or 
in  the  depth  of  the  low -velocity  zone. 

Comparison  of  Field  and  Laboratory -Determined  Moduli  and  Velocities 

Velocities  and  moduli  are  compared  in  Table  III.  Definitions  and 
equations  used  are  shown  at  the  bottom  of  the  table. 

Both  dilatational  and  sheer  velocities  in  the  field  were  obtained  from 
the  time -amplitude  record  of  the  accelerometers  (Scott,  1965)*  Elastic 
moduli  were  computed  from  the  field  velocities. 

The  ratio  of  to  was  approximated  by  the  square  of  the 

velocity  ratio  (V^^/V  •  The  relation  is  valid  if  the  field  values  for 

density  and  Poisson's  ratio  are  equal  to  the  laboratory  values. 

In  Table  III,  it  can  be  seen  that  the  field  velocity  is  lower  than  the 
laboratory  velocity  tor  all  the  seismic  lines.  This  is  probably  a  result 


of  fracturing  in  the  rock  mass  which  is  not  present  in  the  intact  sample. 
The  directly  propagated  velocity  in  Cavity  I  is  11 $  lower  than  the  labora¬ 
tory  velocity;  in  Cavity  II,  it  is  21$  lower.  The  average  ratio  of  E,„ 
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to  E^  ,  for  the  directly  propagated  velocity  determination,  is  0.78  for 
Cavity  I  and  0.59  for  Cavity  II. 

The  field  sei-iiuie  modulus,  ,  although  lower  than  the  laboratory 
seismic  modulus  .  ,  is  approximately  twice  as  large  as  the  laboratory 

static  modulus,  .  This  is  primarily  due  to  strain-rate  and  stress-level 
effects,  which  mask  the  differences  between  laboratory  and  field  charac¬ 
teristics  . 

Conclusions 

The  refraction  seismic  method  was  useful  for  determining  the  thickness 
of  the  heavily  fractured,  shallow  rock  zones  in  the  cavities.  The  results 
also  indicated  that  fracturing  was  not  confined  to  the  shallow  zone.  How¬ 
ever,  because  the  deep  fractures  were  fairly  tight  and  the  changes  in  rock 
fracturing  gradual  with  depth,  it  was  difficult  to  obtain  definitive  infor¬ 
mation  on  fracturing  in  the  deep  zone  using  the  refraction  method.  There 
is  enough  inforrr  .tion  to  conclude  that  the  fracturing  behind  the  low- 
velocity  zone  caused  the  deep  refraction  velocities  to  be  lower  than  the 
velocity  in  the  undisturbed  rock  (measured  by  the  directly  propagated 
pulse ) . 

Velocities  at  depth  were  generally  lower  in  Cavity  II  than  in  Cavity  I . 
This  is  probably  a  result  of  a  difference  in  in-situ  rather  than  intact 
rock  properties:  there  is  a  greater  frequency  of  natural  fractures  in 
Cavity  II  than  in  Cavity  I;  there  was  not  a  significant  difference  in  the 
intact  properties  of  samples  taken  from  the  two  cavities  (Table  l). 

Deep  refraction  velocities  were  high  and  the  depth  of  the  shallow  ve¬ 
locity  zone  was  low  along  the  curved  surfaces  of  both  cavities  (horizontal 
line  at  cavity  midheight).  The  curved  surface  of  the  cavity  was  least 
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affected  by  slabbing  and  cracking,  and  recorded  movements  were  low  in 
these  areas . 


CHAPTER  5 


COMPARISON  OF  OBSERVED  AND  THEORETICAL  BEHAVIOR  IN  THE  TUFF 

5.1  INTRODUCTION 

Rock  movement  and  rock  fracturing  observed  in  the  cavities  (Chapter 
4)  are  compared  with  theoretical  continuum  relations  for  displacement  and 
stress  around  openings  in  elastic  and  elastic -plastic  media.  The  rock 
properties  and  construction  procedures  discussed  in  Chapters  2  and  3  are 
important  factors  in  determining  the  applicability  of  the  theoretical  be¬ 
havior  to  the  observed  behavior:  the  assumed  material  properties  of  the 
theoretical  medium  must  approximate  the  actual  rock  mass  characteristics 
(Chapter  3);  the  assumed  boundary  conditions  must  be  appropriate  to  the 
actual  boundary  conditions  in  the  cavities,  which  include  the  geometry  of 
the  opening,  and  the  support  and  excavation  techniques  used  during  con¬ 
struction  (Chapter  2). 

In  some  instances,  there  are  significant  differences  between  the 
theoretical  and  observed  behavior,  due  to  limitations  of  the  theory  in  de¬ 
scribing  real  behavior.  Often  an  analysis  of  these  differences  provides 
further  insight  into  an  understanding  of  the  behavior  of  the  rock  mass. 

5.2  SIMPLE  ELASTIC  SOLUTIONS  FOR  PREDICTION  OF  CAVITY  BEHAVIOR 

During  construction  of  the  cavities,  rock  movements  were  compared  with 
simple  elastic  theory.  Displacements  on  the  curved  surfaces  of  the  cavi¬ 
ties  were  estimated  using  the  theory  for  a  sphere  in  a  hydrostatic  stress 
field.  Displacements  on  plane  surfaces  were  determined  using  the  theory 
for  a  uniform  pressure  on  an  elastic  half  space.  The  depth  of  the  yielded 
zone  surrounding  the  cavities  was  estimated  from  the  theory  for  a  cylinder 
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in  an  elastic -plastic  ( Navier  -Coulomb )  material  subjected  to  hydrostatic 
loading. 

These  relations  are  simplified  approximations  of  the  complex  geomct  ry 
and  stress  conditions  present  in  the  cavities.  The  simple  theories  were 
used  during  excavation  for  rapidly  comparing  predicted  with  observed  be¬ 
havior.  The  use  of  a  more  refined  analysis  would  have  required  time- 
consuming  arithmetic  manipulations,  which  might  have  resulted  in  a  de¬ 
creased  appreciation  for  the  physical  situation.  After  the  cavities  had 
been  completed,  more  refined  analyses  were  made.  One  of  these,  presented 
in  Section  5*3 >  solves  for  displacements  and  stresses  using  a  finite  ele¬ 
ment  method. 

Displacements  Around  a  Sphere  in  Elastic  Medium,  Hydrostatic  Loadin 


The  equation  for  the  radial  deflection,  d  ,  at  any  radial  distance, 
r  ,  due  to  the  excavation  of  a  spherical  opening  of  radius,  a  ,  in  an  in¬ 
finite  elastic  medium  subjected  to  a  uniform,  hydrostatic  stress,  p  ,  is: 


where  E  is  Young's  modulus  and  p  is  Poisson's  ratio.  This  equation  may 
be  obtained  from  the  stress  equations  for  an  elastic  thick-walled  spherical 
shell  subjected  to  internal  pressure  (Timoshenko  and  Goodier,  19^1). 

Predicted  displacements  in  the  dome  of  the  cavities  were  calculated  by 
substituting  into  the  equation  the  average  span  width  of  the  cavity  for  2a 
and  the  natural  vertical  stress  for  p  .  For  the  tuff,  substitution  of 
p  =  1000  psi  ,  E  =  0.50  X  10^  psi  ,  find  p  =  0.24  into  equation  (l)  gives: 

o  a3 

d  =  1.24  x  10  J  (2) 
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A  vertical  (inward)  surface  displacement  of  O.75  inch  was  estimated  for  the 
dome,  for  the  maximum  span  width  of  100  feet.  The  two-dimensional  finite 
element  solution  (which  does  not  closely  approximate  the  three-dimensional 
boundary  conditions  in  the  dome)  predicts  1.4- inch  total  displacement  in 
the  dome  (Section  5*3)* 

For  the  granite,  substitution  of  p  =  400  psi  ,  E  =  4  x  10  psi  ,  and 
|i  =  0.2  into  equation  (l)  gives: 

3  h 

d  =  0.6  x  10  (3) 

r 

The  vertical  surface  displacement  of  the  dome  for  the  maximum  span  width  of 
50  feet  was  estimated  to  be  0.018  inch. 

The  finite  element  solution  presented  in  Section  5*3  is  strictly  two- 
dimensional,  but  is  applied  to  three-dimensional  problems.  It  is  therefore 
of  interest  to  compare  the  two  conditions.  The  simplest  case  is  a  circular 
cross  section:  a  sphere  and  a  tunnel.  Fig.  36  is  a  plot  of  the  displace¬ 
ment  versus  radial  distance  from  the  surface  of  an  opening  of  radius  a  . 
The  displacement  at  the  surface  of  the  sphere  is  one -half  the  displacement 
for  a  tunnel  of  the  same  size.  The  displacements  also  attenuate  much  more 

n 

rapidly  with  depth  for  the  sphere  (l/r^  for  the  sphere  as  compared  to  l/r 
for  the  tunnel).  Similar  conditions  exist  for  the  more  complex  boundary 
conditions. 

Displacements  Due  to  a  Uniform  Pressure  on  an  Elastic  Half  Space 

Displacements  at  depth  for  a  uniform  pressure  over  a  finite  area  of  an 
elastic  half  space  are  obtained  by  integration  of  Boussinesq's  equations 
for  a  point  load  on  an  elastic  half  space.  These  equations  were  used  to 
estimate  the  displacements  due  to  unloading  of  the  plane  surface  of  the 
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cavity  by  excavation.  The  change  in  the  normal  stress  at  the  surface  of 


the  plane  face  due  to  excavation  of  the  cavity  was  substituted  for  the  uni¬ 
form  pressure;  and  the  area  of  the  excavated  face  was  substituted  for  the 
loaded  area  of  the  half  space. 

The  equation  for  the  surface  displacement,  d  ,  due  to  a  uniform  pres¬ 
sure,  q  ,  acting  over  a  circular  area  (of  radius  a)  on  an  elastic  half 
space  is  (Terzaghi,  1943 ): 


d  =  2a 


cl(1  - 
E 


(4) 


Using  this  equation,  with  q  equal  to  the  natural  horizontal  stress  of 
500  psi,  the  total  surface  deflection  at  the  center  of  the  plane  face  of 
the  tuff  cavities  was  calculated  to  be  1.4  inches.  The  total  displacement 
of  the  plane  face  determined  by  the  finite  element  method  was  also  1.4 
inches  (Section  5*3)*  However,  the  displacements  dropped  off  more  rapidly 
with  depth  for  the  finite  element  solution,  which  is  a  closer  approximation 
to  the  actual  boundary  conditions  of  the  plane  face  (refer  to  Fig.  37). 

The  total  surface  deflection  at  the  center  of  the  plane  face  of  the 
granite  cavity  was  calculated  to  be  0.08  inch,  for  q  =  400  psi  . 

Yielded  Zone  Around  a  Circular  Tunnel  in  an 

Elastic-Plastic  Medium,  Hydrostatic  Loading 

The  zone  of  yielding  due  to  excavation  of  a  circular  tunnel  of  radius  a 
in  an  elastic-plastic  medium  subjected  to  a  uniform  hydrostatic  pressure  p 
may  be  obtained  by  substituting  a  yield  (or  failure)  condition  into  the  equi¬ 
librium  stress  equation.  Jaeger  (1962)  determined  the  size  of  the  yielded  zone 
and  solved  for  the  stresses  using  a  Navier- Coulomb  yield  criterion,  where 
the  yield  stress  is  a  function  of  the  confining  pressure. 
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(Yielding  occurs  when  the  shear  stress,  t  ,  exceeds  (c  +  p  tan  <j()  on  any 
plane  of  a  given  element.)  When  the  yield  stress  is  reached  in  any  part  of 
the  medium  perfectly  plastic  behavior  ensues.  The  plastic  zone  will  first 
form  in  the  highly  stressed  areas  near  the  surface  of  the  opening.  With 
increasing  external  pressure,  p  ,  the  boundary  of  the  plastic  zone  will 
move  radially  away  from  the  surface  of  the  opening.  Outside  this  boundary, 
the  medium  behaves  elastically. 

The  radius,  R  ,  of  the  boundary  between  the  plastic  and  elastic  zones 
is  (Jaeger,  1962): 


where 

a  =  radius  of  tunnel 
p  =  external  hydrostatic  pressure 
=  internal  hydrostatic  pressure 
t  =  tan  (45  +  (jf/2) 

(jt  =  angle  of  friction 
c  =  cohesion 

2ct  =  unconfined  compressive  strength,  a 

Ulv 

The  effect  of  internal  pressure  and  material  properties  on  the  depth 
of  the  yielded  zone  can  be  seen  in  Fig.  38.  It  is  apparent  that  the  depth 
of  yielding  increases  with  decreases  in  strength  and  c).  For  a  mate¬ 
rial  with  no  cohesion  or  internal  pressure,  the  predicted  yielded  zone  is 
infinite.  It  should  be  noted,  however,  that  this  elastic-plastic  failure 
theory  is  based  on  stress  and  does  not  account  for  the  deformation 


-  1)  +  2ct] 


>[Pi(t2  -  1)  +  2ct] ( 1  +  t2) 
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characteristics  of  the  material.  It  assumes  that  yielding  of  a  material 
can  occur  at  infinitesimal  strains. 


For  a  material  having  a  0  but  no  cohesion,  a  slight  change  in  the 
internal  pressure  changes  the  size  of  the  yielded  zone  significantly. 
However,  for  a  material  with  high  cohesion,  slight  changes  in  the  internal 
pressure  have  very  little  effect  on  the  size  of  the  yielded  zone.  Increas¬ 
ing  the  strength  of  the  material  (either  0  or  c)  while  maintaining  a 
constant  internal  pressure  will  cause  a  significant  decrease  in  the  size  of 
the  yielded  zone.  Thus,  changes  in  material  properties  have  an  Important 
effect  on  the  size  of  the  yielded  zone,  while  changes  in  the  internal  pres¬ 
sure,  except  in  cases  where  the  cohesion  is  small,  have  a  relatively  minor 
effect  on  the  size  of  the  yielded  zone.  The  implications  of  this  theory 
for  the  behavior  of  a  real  material  are  discussed  in  Section  5*5. 

Slip  lines  in  the  plastic  region  are  inclined  at  an  angle  of  45  -  0/2 
to  the  direction  of  the  major  principal  compressive  stress  (which  is  the 
tangential  stress).  The  equation  for  the  slip  lines  in  the  plastic  region 
around  the  tunnel  is: 


r/a  =  c  +  6  cot  (45  +  0/2)  (6) 

Thus  the  slip  lines  are  logarithmic  spirals  as  shown  in  Fig.  39  for  various 
values  of  0  . 

Stresses  Around  a  Circular  Tunnel  in 
an  Elastic  Medium,  Biaxial  Loading 

Equations  for  the  stresses  around  circular  two-dimensional  openings 
under  uniaxial  stress  were  developed  by  Kirsch  in  1898.  The  solution  for 
biaxial  stress  is  obtained  by  superposing,  at  right  angles,  the  solutions 
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for  two  uniaxial  stress  conditions.  The  tangential  stresses  around  the 
edge  of  a  tunnel  are  shown  in  Fig.  40  for  varying  ratios  of  vertical  to 
horizontal  stress.  The  variation  of  tangential  and  radial  stresses  with 
depth  along  the  horizontal  diameter  is  shown  in  Fig.  4l. 

From  these  figures  a  rough  estimate  of  the  portions  of  a  tunnel  which 
would  be  subjected  to  fracturing  may  be  obtained  by  comparing  the  compres¬ 
sive  strength  of  the  tuff  with  the  elastic  stresses  around  the  opening. 
Where  the  tangential  stress  exceeds  the  strength  of  the  tuff,  failure  will 
occur.  (This  is  strictly  an  elastic  solution  and  does  not  account  for 
stress  redistribution.) 

For  the  hydrostatic  loading  case ,  failure  will  occur  around  the  entire 
perimeter  whenever  the  stress  concentration  of  2000  psi  exceeds  the  uncon¬ 
fined  compressive  strength  of  the  material.  The  depth  of  the  overstressed 
zone  determined  by  the  elastic  solution,  for  $  =  45  deg  and  c  =  250  psi  , 
is  0.08a.  The  elastic -plastic  solution  of  the  previous  section  accounts 
for  stress  redistribution  and  predicts  a  depth  of  approximately  0.12a  for 
the  yielded  zone. 

For  the  condition  existing  in  the  tuff  ( oy  =  2 =  1000  psi,  c  =  250 
psi,  and  =  45  deg)  the  depth  of  the  over  stressed  zone  is  0.10a  at  the 
horizontal  diameter  and  extends  from  54  deg  above  the  horizontal  to  54  deg 
below  the  horizontal  diameter.  Fig.  42  shows  the  approximate  overstressed 
zones  for  three  loading  cases:  ay  =  ,  ay  =  2c^  ,  and  =  0  • 

5-3  ELASTIC  FINITE  ELEMENT  SOLUTION  FOR  STRESSES  AND  DISPLACEMENTS 

Description  of  Method 

A  plane  strain,  finite  element  computer  solution  developed  by  Reyes 
(19 66)  was  used  to  determine  the  elastic  displacements  and  stresses  around 
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Fig.  4o.  Elastic  stresses  and  overstressed  zones  around 
circumference  of  tunnel  in  medium  subjected  to  various 
ratios  of  vertical  to  horizontal  natural  stress 
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a  vertical  section  of  the  nonsymmetrically  shaped  cavities  in  the  tuff. 

In  the  finite  element  method,  the  medium  is  approximated  as  a  network 
of  triangles.  All  stresses  are  concentrated  as  forces  at  the  corners  of 
the  triangles .  Continuity  is  maintained  at  the  corners  and  along  the  edges 
of  the  triangles.  Each  triangle  behaves  as  a  continuur  having  elastic 
properties.  As  the  mesh  size  is  reduced,  the  solution  for  the  entire  net¬ 
work  approaches  a  continuum  solution. 

The  stiffness  of  each  triangular  element  is  determined  by  matrix 
methods.  The  stiffness  of  the  entire  mesh  is  then  determined  using  an 
iteration  process.  At  each  mesh  point,  the  computer  solution  gives  values 
of  stress  and  displacement. 

Assumed  Material  Properties  and  Boundary  Conditions 

For  the  finite  element  approximation  of  the  cavities  in  the  tuff,  it 
was  assumed  that  the  medium  was  elastic  with  a  Young's  modulus  of  0.5  X  10 
psi  and  a  Poisson's  ratio  of  0.22.  The  natural  vertical  stress  was  1000 
psi  and  the  horizontal  stress  was  500  psi .  Both  stresses  were  principal 
stresses.  Displacements  around  the  opening  occurred  as  it  was  excavated 
in  the  previously  stressed  medium. 

A  vertical  section  through  the  plane  face  of  the  cavity  was  used  to 
determine  the  inner  boundary  of  the  medium.  Zero  stress  was  assumed  on 
this  boundary.  The  medium  extended  200  feet  (approximately  4  radii)  beyond 
the  cavity  surface  and  was  assumed  fixed  at  its  outer  boundary.  The  mesh 
consisted  of  approximately  300  triangular  elements.  The  elements  at  the 
edge  of  the  opening  extended  to  a  depth  of  3-5  feet.  Elements  farther  from 
the  opening  were  larger. 

The  finite  element  solution  used  was  for  plane  strain  conditions;  thus 
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the  vertical  section  of  the  cavity  was  approximated  as  a  long  tunnel.  Dis¬ 
placements  determined  by  the  plane  strain  solution  are  larger  than  those 
which  would  be  obtained  using  a  three-dimensional  solution  (as  illustrated 
in  Section  5*2).  The  depth  at  which  displacements  occur  is  also  greater 
for  the  plane  strain  solution.  The  greatest  error  occurs  in  regions  where 
the  dimensions  of  the  cavity  in  a  direction  perpendicular  to  the  vertical 
section  are  small  with  respect  to  those  within  the  section.  This  condition 
is  most  critical  for  the  curved  surfaces  of  the  cavity,  particularly  the 
domed  area  at  the  top  of  the  cavity.  The  plane  strain  solution  is  most 
appropriate  when  used  in  analyzing  the  conditions  in  the  vicinity  of  the 
plane  face  of  the  cavity. 

Displacements 

Displacement  contours  are  shown  in  Figs,  43  through  4;  for  three 
shapes  which  approximate  the  shapes  of  Cavities  I  and  II  during  various 
stages  of  their  excavation.  Both  the  magnitude  and  direction  of  the  dis¬ 
placements  may  be  obtained  from  these  figures. 

To  obtain  the  theoretical  displacement  of  an  extensometer  at  any  given 
location  in  the  cavity  wall,  the  magnitude  of  the  displacement  in  the  direc¬ 
tion  of  the  extensometer  must  be  determined  from  the  displacement  contour 
plots  for  the  cavity  shape  of  interest.  The  displacements  which  ousted  at 
the  time  of  installation  of  the  extensometer  are  determined  in  a  similar 
manner.  To  determine  the  change  in  displacement,  the  initial  displacement 
is  subtracted  from  the  final  displacement. 

The  theoretical  displacements  in  various  portions  of  the  cavity  were 
determined  by  the  method  described  in  the  preceding  paragraph.  Figs.  , 

46,  and  47  show  the  theoretical  displacement -depth  relation  at  the  center 
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Fig.  43.  Theoretical  displacement  contours  for  cavity  height  of  60  ft, 

elastic  finite  element  solution 
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Fig.  hh.  Theoretical  displacement  contours  for  cavity  height  of  90  ft, 

elastic  finite  element  solution 
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Fig.  1*6.  Theoretical  horizontal  displacement- depth  prol'iles 
intersection  of  dome  and  plane  face,  elastic  finite  element 

solution 


l'ig.  h7.  Theoretical  horizontal  displacement-' iepth  profile 
curved  surface,  elastic  finite  el* 'men!  solution 
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of  the  plane  face,  the  intersection  of  the  dome  and  plane  face,  and  the 
curved  surface,  respectively.  Displacements  are  termed  positive  if  the 
direction  of  rock  movement  with  respect  to  a  given  extensometer  is  toward 
the  cavity.  Recorded  movements  away  from  the  cavity  are  termed  negative. 

In  Figs.  43  through  45  it  is  apparent  that  the  direction  of  displace¬ 
ment  into  the  cavities  tends  to  be  parallel  to  the  direction  of  the  major 
principal  compressive  stress  (in  this  case  the  vertical  stress),  and  per¬ 
pendicular  to  the  longest  dimension  of  the  cavity.  Thus,  in  Fig.  43  (cavity 
height:  60  feet),  the  direction  of  the  displacements  is  predominantly 
vertical,  while  in  Fig.  45  (cavity  height:  138  feet)  the  longest  di¬ 
mension  is  vertical  so  that  the  direction  of  the  displacements  is  shifted 
toward  the  horizontal. 

The  theoretical  vertical  displacements  in  the  dome  appear  to  be  pro¬ 
portional  to  the  maximum  horizontal  span  width  of  the  cavity.  When  the 
maximum  horizontal  width  is  reached  (at  a  cavity  height  of  60  feet) 
the  displacement  in  the  dome  is  1.4  inches.  Further  excavation  causes  no 
further  increase  in  the  horizontal  width,  and  there  is  no  further  in¬ 
crease  in  the  displacements  in  the  dome:  it  is  still  1.4  inches  when  the 
cavity  is  completed. 

Theoretical  displacements  are  lowest  at  the  sharp  corners  of  the  cavi¬ 
ties.  In  Fig.  43,  the  horizontal  displacements  at  the  intersection  of  the 
plane  face  and  the  dome  are  slightly  negative  at  or  near  the  surface.  They 
become  increasingly  negative  to  a  horizontal  depth  of  10  feet,  where  they 
then  begin  to  approach  zero  with  increasing  depth  (Fig.  46,  cavity  height: 

60  feet).  Further  excavation  causes  the  rock  at  this  location  to  move 
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inward  again  (Fig.  46,  cavity  heights:  90  and  138  feet). 

Positive  movements  would  be  smaller  and  negative  movements  more  pro¬ 
nounced  for  a  true  three-dimensional  solution.  This  fact  has  been  used  in 
discussing  the  movements  observed  on  the  curved  surface  and  at  the  inter¬ 
section  of  the  dome  and  plane  face  of  the  cavity. 

Stresses 

Principal  stresses  are  contoured  in  Figs.  48  and  49  for  the  completed 
cavity  shape  ( 138  feet  high).  Principal  stress  directions  are  shown  in 
Fig.  48  as  dashed  lines.  Values  for  the  tangential  stress  concentration  at 
the  walls  of  the  opening  may  be  obtained  from  the  major  principal  stress 
contours,  Fig.  48.  The  maximum  elastic  stress  concentrations  occur  at  the 
intersection  of  the  dome  and  plane  face,  where  the  stress  concentration  is 
2.7  times  the  vertical  stress.  A  stress  concentration  of  1.8  occurs  on  the 
curved  surface,  and  1.7  in  the  bottom  of  the  cavity.  A  low  stress  concen¬ 
tration  (0.6)  occurs  on  the  reentrant  near  the  bottom  of  the  cavity.  The 
stress  concentration  over  most  of  the  plane  face  varies  from  0.8  to  1.4. 
These  concentrations  exceed  the  strength  of  the  tuff  and  would  not  occur  in 
the  real  cavity;  yielding  or  fracture  of  the  shallow  rock  would  occur  with 
a  resulting  redistribution  of  the  stress. 

Although  the  major  principal  stresses  are  high  at  depth  behind  the 
sharp  corners  of  the  cavity,  the  minor  principal  stresses  (Fig.  49)  are 
also  high;  therefore,  the  rock  is  not  overstressed  at  depth  behind  the 
corners.  On  the  long,  plane  surfaces,  however,  the  minor  principal 
(essentially  radial)  stresses  are  quite  row  at  depth,  so  that  slight  con¬ 
centrations  of  the  tangential  stresses  will  cause  overstressing  to  fairly 
large  depths.  The  medium  around  the  opening  is  subjected  to  a  changing 
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Fip.  hb.  Major  compressive  principal  stress  contours  around  completed 
cavity,  elastic  finite  element  solution 

1?8 


Fig.  U9.  Minor  compressive  principal  stress  contours  around  completed 
cavity,  elastic  finite  element  solution 
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stress  field  as  construction  proceeds  downward,  so  that  overstressing  (or 
failure,  for  a  real  material)  may  occur  at  an  earlier  stage  of  excavation. 
5-1+  DISCUSSION  OF  OBSERVED  DISPLACEMENTS  IN  THE  CAVITIES  IN  TUFF 

Three  types  of  displacement  were  typically  observed  in  the  cavities 
(Fig.  50).  The  first  was  the  elastic  displacement  occurring  due  to  removal 
of  internal  support  by  excavation.  These  displacements  were  on  the  order 
of  0.2  to  0.5  inch  and  were  directly  related  to  changes  in  cavity  size. 

They  usually  had  the  same  magnitude  as  the  predicted  elastic  displacements; 
however,  more  of  the  observed  displacement  was  concentrated  within  the 
first  10  feet  from  the  surface  than  would  be  predicted  from  elastic  theory. 
The  increased  shallow  movement  can  be  accounted  for  by  assuming  that  the 
shallow  zone  has  a  lower  modulus  as  a  result  of  slight  cracking  and  loosen¬ 
ing  of  the  near-surface  rock. 

The  second  type  of  observed  displacement  was  shallow  and  discontinuous . 
The  displacements  were  not  directly  related  to  cavity  excavation,  but  de¬ 
veloped  with  time  from  the  essentially  elastic  displacements  described 
previously.  Displacements  of  1  to  2  inches  occurred  which  were  concen¬ 
trated  within  the  first  5  feet  from  the  surface  and  were  usually  caused  by 
opening  of  a  single  crack  at  the  base  of  a  shallow  slab.  The  condition  was 
most  common  in  the  vicinity  of  rock  protrusions  in  the  dome  of  the  cavi¬ 
ties.  Although  the  rock  bolts  in  the  dome  were  capable  of  supporting  the 
rock  load,  they  were  spaced  far  enough  apart  that  loosening  of  slabs  be¬ 
tween  the  bolts  and  cracking  of  slabs  beneath  the  bearing  plates  could 
occur.  The  shallow  displacements  were  indicative  of  a  gradually  developing 
unstable  situation  which  was  easily  corrected  by  placing  a  2-inch  layer  of 
gunite  in  the  slabby  rock  zones. 
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Fig.  50.  Typical  displacements  in  Cavities  I  and  II 
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The  third  type  of  observed  displacement  was  deep-seated  and  discon¬ 
tinuous.  The  displacements  were  1  to  2  inches  in  magnitude  and  were  concen¬ 
trated  along  joint  planes  at  depths  from  10  to  30  feet  over  large  areas  on 
the  plane  face  of  Cavity  II.  The  displacements  were  large  with  respect  to 
continuum  theory,  and  they  showed  an  increasing  rate  with  respect  to  time 
and  stress;  thus  they  satisfied  the  criteria  for  instability.  Breaking  of 
11  bolts  over  a  2-day  period  also  indicated  that  the  stability  of  the  plane 
face  was  rapidly  decreasing.  It  was  apparent  that  the  rock-bolt  support  on 
the  plane  face  was  inadequate.  A  large  number  of  long  rock  bolts  were 
added  and  the  face  immediately  stabilized. 

The  rock  movements  observed  at  different  locations  in  the  cavities 
are  discussed  in  more  detail  in  the  following  paragraphs. 

Dome  (A) 

Extensometer  I-A-l,  located  on  a  3-foot-thick  protrusion  in  the  dome 
of  Cavity  I,  showed  the  typical  behavior  for  extensometers  in  the  dome  of 
the  cavities.  The  predicted  and  measured  displacement -time  relations  are 
compared  in  Fig.  51*  The  displacement -depth  relations  are  shown  in 
Fig.  52. 

In  the  first  two  months  after  installation  of  the  extensometer,  the 
measured  and  predicted  displacements  were  quite  comparable.  The  change  in 
displacement  was  proportional  to  the  change  in  the  average  width  of  the 
cavity,  and  the  measured  displacement-depth  distribution  approximated  the 
elastic  distribution. 

After  this  period,  large  displacements  occurred,  even  though  there 
was  no  further  increase  in  the  cavity  diameter.  (The  finite  element  solu¬ 
tion  predicted  that  no  further  deflection  in  the  dome  would  occur  after  the 
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Fig.  51.  Typical  displacement-time  relations  in  dome  of  Cavities  I  and  II 

extensometer  I-A-l 
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Fig. 


52.  lypical  displacement- depth  relations  in  dome 
of  Cavities  I  and  II j  extensaneter  I-A-l 
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cavity  height  had  reached  60  feet.  At  this  height,  the  maximum  cavity 
width  was  reached.)  The  continued  movement  (April  '■  to  May  3)  was  concen¬ 
trated  in  the  first  10  feet  from  the  surface  of  the  cavity. 

At  this  time,  it  was  discovered  that  hairline  cracks  were  forming  on 
the  rock  surface  in  the  vicinity  of  the  cxtensometer,  and  an  <  xtencion 
fracture  previously  formed  au  the  base  of  the  protrusion  was  beginning  to 
open.  It  was  apparent  that  the  continued  roex  movement  was  concentrated 
within  the  first  3  feet  from  the  cavity  surface  and  was  caused  by  opening 
of  the  extension  fracture.  The  continued  movement  was  not  due  to 
creep  of  the  intact  portion  of  the  rock  mass . 

The  bolts  which  were  spaced  on  3-foot  centers  in  the  vicinity  of  the 
extensometer  were  considered  adequate  for  continued  support  of  the  slab  and 
no  remedial  measures  were  carried  out  at  this  time.  During  May,  the  rate 
of  movement  began  to  decrease.  By  August,  however,  cracking  and  slabbing 
of  the  near-surface  rock  throughout  the  dome  of  the  cavi  ty  had  proceeded 
to  the  point  that  the  bearing  of  the  rock-bolt  bearing  plates  was  endangered. 
Gunite  was  placed  in  the  dom^  of  the  cavity  at  this  time  to  prevent  further 
drying  and  disintegration  of  the  rock  slabs. 

In  Figs.  52a  and  52b,  the  measured  displacement  curve  is  steeper  than  the 
elastic  displacement  curve  in  the  shallow  zone.  This  indicates  that  the  shal¬ 
low  rock  has  either  (l)  deformed  plastically,  (2)  a  decreased  modulus  at  the 
lower  confining  pressures  (near  the  surface),  or  (3)  cracked  and  thereby  be¬ 
come  a  new  material  with  a  lower  modulus.  Jlight  cracking  of  the  material  ap¬ 
pears  to  be  the  most  logical  explanation  of  the  decreased  modulus  because  (l) 
the  stress-strain  curve  for  the  tuff  is  reasonably  linear  to  failure,  indicat¬ 
ing  that  significant  plastic  deformation  will  not  occur  prior  to  cracking; 


(2)  the  change  in  modulus  due  to  confinement  does  not  appear  to  be  very 
large,  according  to  the  results  of  triaxial  tests  performed  on  dried  speci¬ 
mens  (Obert,  I96U);  (3)  extension  fractures  were  observed  to  form  immedi¬ 
ately  upon  excavation;  therefore,  a  decrease  in  the  shallow  rock  modulus 
would  be  expected,  even  though  extensive  opening  of  these  fractures  does 
not  occur  when  the  rock  is  properly  bolted.  Slight  cracking  at  depth 
(beyond  the  low-velocity  zone)  was  also  indicated  by  the  measured  deep 
refraction  velocities  which  were  lower  than  the  directly  propagated  veloci¬ 
ties  (measured  in  undisturbed  rock  away  from  the  cavity )( Section  4.4). 

Extensometer  I-A-l  also  illustrates  a  condition  observed  with  various 
extensometers  located  in  both  cavities.  Movements  between  the  30-  and 
50-foot  anchors  were  very  slight.  Figs.  52a  and  52b  show  that  the  30-foot 
anchor  had  displaced  into  the  cavity  a  very  slight  amount  more  than  the 
50-foot  anchor;  in  Fig.  52c,  it  can  be  seen  that  the  30-foot  anchor  moved 
away  from  the  cavity  with  respect  to  the  50-foot  anchor.  The  small  move¬ 
ments  between  the  deep  anchors  seem  to  indicate  that  the  deepest  (50-foot) 
anchor  was  at  sufficient  depth  to  be  unaffected  by  the  cavity  excavation 
and  could  therefore  be  assumed  fixed.  However,  the  theories  used  in 
analyzing  the  cavity  displacements  predict  significant  elastic  displacements 
at  the  depth  of  the  50-foot  anchor.  The  apparent  discrepancy  could  not  be 
resolved,  because  of  the  difficulty  involved  in  measuring  small  displace¬ 
ments  over  large  distances,  at  large  depths. 

It  is  possible  that  the  outward  (negative)  displacements  of  the  30- 
foot  anchors  with  respect  to  the  50-foot  anchors  resulted  from  a  local 
flattening  or  reversal  of  the  slope  of  the  displacement -depth  curve  which 
could  not  be  predicted  from  the  simple  elastic  theory.  Figs.  46  and  4j 
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provide  some  basis  for  this  argument:  at  certain  lucati  .-ns  nun  npths 
around  the  cavity,  the  more  complex  finite  element  theory  pjvoic*  .•  fiat 
and,  in  some  instances,  negative  slope c  for  the  diepi uc< men*  -d-  p-*  h  relation. 

To  properly  compare  the  elastic  and  measured  displacement.: ,  th<  curves 
should  be  fitted  at  the  '  O-foot  depth.  The  adjust-  -:  '  lasti--  curv-  is  shown 
as  a  dashed  line  in  Fig.  52. 

Intersection  of  Dome  and  Plane  Face  (B) 

A  horizontal  extensometer  was  installed  in  the  cross  drift  at  the  top 
of  the  raise  in  Cavity  II,  prior  to  excavation  of  the  dome.  During  the 
enlargement  of  the  cross  drift,  when  the  cavity  shape  approximated  a  flat 
ellipsoid,  a  maximum  negative  displacement  (away  from  the  opening)  of  ap¬ 
proximately  0.02  inch  was  recorded  by  the  extensometer .  After  the  dome  had 
been  opened  and  excavation  was  proceeding  downward,  no  further  movements 
occurred.  The  theoretical  displacements  at  this  location,  determined  "rum 
the  plane  strain  finite  element  theory,  are  also  negative  during  the  initial 
stages  of  excavation  (Figs.  ^3  and  16).  However,  with  increasing  <xcava- 
tion,  positive  movements  are  predicted.  A  thr-  <  -dimensional  solutijn  would 
more  closely  approximate  th'-  geometry  at  this  location  anu  would  pr-  Uct 
more  negative  movement  and  little,  if  any,  positive  movement.  Tin 
displacement-time  relation  for  the  50-1*001  anchor  of  extensometer  I-F-1, 
located  below  the  dome  on  the  plane  face  of  Cavity  !',  is  shown  in  1  ig .  .  . 

The  extensometer  was  placed  after  the  cavity  had  be'  n  excavated  jO  !'e-<  t 
below  the  intended  gage  location;  therefore,  much  of  the  in'.tiaL  <  Lactic 
movement  (which  may  have  been  negative)  was  not  record'-!.  CmalL  positive 
displacements  (0.0k  inch)  wer-  recorde-1  following  installation  f  ih'  <  x- 
tensometcr,  as  excavation  of  the  cavity  cont  '  nued .  Approximately 
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0.2-  to  0.3-inch  displacement  is  predicted  from  the  plane  strain,  finite 
element  solution  for  the  same  period.  At  the  intersection  of  the  dome  and 
plane  face  of  both  Cavities  I  and  II,  the  extensomoter  movements  ceased 
soon  after  the  excavation  in  the  vicinity  of  the  extensometers  had  been 
completed.  Positive  movements  due  to  loosening  of  slabs  did  not  occur  in 
either  cavity,  even  though  predicted  stress  concentrations  were  high  at 
this  location.  Some  fracturing  due  to  the  high  stress  concentrations 
undoubtedly  occurred  near  the  surface;  however,  the  minor  principal  stress 
builds  up  rapidly  behind  a  sharply  curved  surface  such  as  this,  so  that  the 
stress  difference  at  depth  is  small  and  fracturing  is  therefore  confined  to 
very  shallow  depth.  The  sharp  radius  of  curvature  of  the  surface  forms 
an  arch  which,  in  combination  with  the  rock  bolts,  keys  the  rock  blocks  and 
permits  the  rock  to  support  itself. 

Curved  Surfaces  (C) 

Displacements  measured  on  the  curved  surfaces  were  less  than  0.2  inch 
in  Cavity  I.  The  larger  movements  (0.4  to  0.6  inch)  in  Cavity  II  were  at 
shallow  depth  and  probably  associated  with  shallow  slabbing.  The  finite 
element  theory  predicts  approximately  0.35-inch  displacement  within  the 
first  50  feet  from  the  surface  (Fig.  47)  for  extensometers  installed  after 
the  cavity  has  been  excavated  to  90  feet  •  I’he  finite  element  theory  also 
indicates  that  some  negative  movements  occur  on  the  curved  surfaces  (as 
shown  in  Figs.  43  and  44).  Negative  movement  is  most  likely  to  occur  when 
the  excavated  floor  is  near  the  extensometer .  There  is  an  even  greater 
possibility  of  negative  movement  for  the  three -dimensional  case. 

Two  extensometers  installed  or  the  curved  surface,  near  midheight  of 
Cavity  I,  showed  erratic  end  slightly  negative  movements  as  excavation 
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proceeded.  Subsequent  movements  were  slightly  positivc--und  still  erratic. 

A  three-dimensional,  elastic  theory  would  probably  predict  very  cmaLl-- 
almost  zero- -displacements  in  this  portion  of  the  cavities. 

There  was  no  extensive  loosening  of  th>  near-surface  rock  on  the 
curved  surfaces  of  the  cavities,  and  movements  did  not  contlnuf  after  con¬ 
struction  was  completed.  The  seismic  refraction  survey  also  showed  that 
slabbing  and  fracturing  on  the  curved  surfaces  of  the  cavities  were  not 
extensive. 

Plane  Face  (D) 

Cavity  I .  In  Fig.  53  the  measured  displacement  at  the  center  of  the 
plane  face  of  Cavity  I  is  compared  with  the  elastic  finite  element  solution. 
The  theory  predicts  that  approximately  two-thirds  of  the  rock  movement  will 
occur  at  depths  greater  than  30  feet  (the  length  of  most  of  the  extensom- 
eters  on  the  plane  face).  However,  the  theoretical  and  observed  movements 
within  the  first  30  feet  are  quite  comparable:  the  displacement  of  tne  30- 
foot  extensometer  is  0.1  inch  and  the  slope  of  the  displacement -depth  curve 
is  approximately  uniform  to  a  depth  of  30  feet.  There  is  very  little  evi¬ 
dence  of  increased  displacement  near  the  surface  which  would  indicate  the 
presence  of  a  cracked  zone  having  a  low  rock  modulus.  There  was  also  very 
little  evidence  of  slabbing  or  opening  of  extension  fractures  in  the 
vicinity  of  the  extensometers  on  the  plane  face.  However,  the  seismic  sur¬ 
vey  did  not  indicate  that  the  fracturing  was  less  prominent  on  the  plane 
face:  along  the  seismic  lines  located  in  the  vicinity  of  the  extensometers, 
the  average  depth  of  the  low-velocity  zone  was  as  deep  as  in  other  ureas 
of  the  cavity. 

Movements  were  measured  at  various  points  along  the  horizontal 
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CHANGE  IN  CAVITY 
HEIGHT  90'  TO  138' 


DEPTH,  FEET 


Fig*  53.  Typical  displacement-depth  relations  at  center 
of  plane  face,  Cavity  I 
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diameter  of  the  plane  face  of  Cavity  I.  Most  of  the  movernnls  were  of  the 
same  magnitude  as  the  typical  movement  shown  in  Fig.  33-  Extcnsur.ieters 
which  were  placed  near  the  edge  of  the  plane  face  ( approximately  20  feet 
from  the  curved  surface)  showed  the  same  amount  of  movemeni  as  the  ex- 
tensoineters  near  the  center  of  the  plane  fact-.  Decreased  movement  near  the 
edge  of  the  plane  face  due  to  restraint  of  the  curved  surface  was  not 
observed. 

Movements  on  the  plane  face  in  Cs.  vity  I  were  essentially  elastic  and 
showed  very  little  evidence  of  either  shallow  slabbing  or  deep-seated,  dis¬ 
continuous  movement. 

Cavity  II.  It  is  apparent  from  Fig.  5*+  that  movements  on  the  plane 
face  of  Cavity  II  were  much  larger  than  the  movements  observed  in  Cavity  I. 
Large,  discontinuous  movements  of  approximately  1  to  2  inches  were  recorded 
by  all  the  extensometers  located  on  the  plane  face  of  Cavity  II.  (The  dis¬ 
placements  at  three  locations  on  the  plane  face  of  Cavity  II  are  compared 
with  the  construction  history  in  Fig.  23* )  The  first  large  movements  oc- 
cuired  at  the  end  of  the  strike  (August  10 )  when  the  lower  friable  white 
tuff  bed  was  exposed  on  the  plane  face  (bedding  plane  2,  Fig.  12).  Addi¬ 
tional  bolts  were  placed  across  the  joints  (joint  set  No.  l)  on  the  upper 
left  side  of  the  face,  and  the  rate  of  movement  decreased. 

A  month  later  (September  10 )  the  rate  of  movement  again  increased. 

At  this  time,  approximately  2‘;  feet  of  rock  remained  to  be  excavated  from 
the  plane  face.  Portions  of  the  cavity  floor  had  been  broken  through  to 
the  main  tunnel.  A  crack  opened  along  a  friable  white  tuff  bed  in  the 
upper  left  portion  of  the  cavity  (bedding  plane  l).  The  rock  above  the  bed 
displaced  1  inch  along  the  bedding  plane,  into  the  cavity.  Twelve  bolts 
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broke  and  many  bearing  plates  dished  on  the  left  side  of  the  cavity. 
Vertical  en  echelon  shear  zones  developed  along  the  left  edge  of  the  plane 
face,  at  the  contact  with  the  curved  surface  of  the  cavity.  The  estimated 
depth  of  the  unstable  area  is  illustrated  in  Fig.  12.  The  instability 
encompassed  a  large  volume  of  rock  and  was  definitely  deep-seated. 

Large,  relatively  deep  movements  were  recorded  by  all  the  extensom- 
eters  on  the  plane  face,  indicating  that  the  local  instabilities  on  the 
left  side  of  the  face  were  affecting  the  stability  of  the  entire  face: 
some  of  the  movement  was  concentrated  within  the  first  10  feet;  much  of  the 
movement  was  concentrated  between  10  and  30  feet.  Extensometer  II-C-1, 
located  just  outside  the  shear  zone  on  the  curved  surface,  showed  no  exces¬ 
sive  movement ,  indicating  that  the  instability  of  the  plane  face  had  not 
affected  the  curved  surface  of  the  cavity. 

To  stabilize  the  face,  excavation  was  halted  and  the  left  side  of  the 
plane  face  was  heavily  reinforced  with  approximately  200  rock  bolts, 

48  feet  in  length,  placed  on  3-foot  centers.  The  movements  stabilized  as 
soon  as  the  additional  bolts  were  placed. 

Several  factors  affected  the  stability  of  the  plane  face.  The  primary 
cause  of  the  instability  was  the  presence  of  joints  and  bedding  planes 
which  formed  isolated  wedges  of  rock  on  the  plane  face.  The  plane  faces  of 
both  Cavities  I  and  II  were  supported  with  24-foot  bolts  on  6-foot  centers; 
however,  the  face  of  Cavity  I  was  stable  while  Cavity  II  was  unstable.  The 
only  difference  between  the  two  cavities  was  the  nature  of  the  jointing. 
Cavity  I  had  very  few  joints  while  Cavity  II  had  joints  oriented  subparal¬ 
lel  to  the  face  of  the  cavity  so  that  thin  wedges  of  rock  were  isolated  at 
the  surface. 
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Another  factor  affecting  stability  was  the  lurg-  plant  surface  of  the 
cavity.  There  was  no  curvature  on  the  plane-  face  to  provide  the  laying 
support  which  helps  prevent  opening  and  movement  along  extension  fractures 
and  joints;  therefore,  there  was  a  tendency  for  buckling  of  the  rjck  on  the 
plane  face.  Joints  on  the  face  accentuated  this  condition  by  isolating 
slabs  of  rock  and  reducing  the  restraint  provided  by  the  coherence  of  the 
rock,  mass . 

The  delay  in  construction  due  to  the  2-month  strike  may  also  have  con¬ 
tributed  to  the  instability  of  the  plane  face.  At  the  time  of  the  strike, 
bolting  was  completed  on  the  walls  of  the  cavity  but  no  bolts  were  support¬ 
ing  the  floor  of  the  opening.  The  long  delay  may  have  allowed  loosening 
and  gradual  failure  of  the  rock  in  the  bottom  of  the  cavity,  so  that,  when 
the  strike  was  over  and  excavation  was  resumed,  these  loosened  zones  were 
intersected  by  the  face  of  the  cavity  and  failures  began  to  occur. 

Finally,  bolts  on  the  plane  face  of  the  cavities  were  placed  on  6-foot 
centers  while  those  on  the  curved  surfaces  were  placed  on  3-foot  centers, 
even  though  the  plane  face  was  the  more  critical  condition.  The  plane  face 
of  Cavity  II  stabilized  when  the  number  and  the  length  of  the  bolts  were 
increased. 

3-5  DISCUSSION  OF  FRACTURING  AND  FAILURE  IN  TUFF 

Applicability  of  Elastic -Plastic  Theory  to  Rock  Behavior 
Basic  to  a  continuum  theory,  such  as  the  elastic-plastic  theory  de¬ 
scribed  in  Section  5*2,  is  the  assumption  that  the  material  maintains  its 
continuity  throughout  its  loading  history.  In  an  elastic-plastic  medium 
an  element  which  reaches  its  yield  stress  will  behave  plastically  until 
unloaded,  when  it  again  becomes  elastic.  Throughout  the  loading  and 
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unloading  process,  the  material  maintains  its  continuity.  Continuum 
theory  does  not  account  for  the  possibility  of  the  discontinuous,  some¬ 
times  catastrophic,  behavior  which  is  typical  for  most  rock  masses 
stressed  to  failure.  Most  highly  stressed  rock  masses  do  not  yield 
plastically;  rather,  they  fail  by  the  formation  of  new  fractures 
or  by  movement  along  preexisting  fractures.  During  the  process  of 
fracturing  and  loosening,  the  material  properties  of  the  rock  mass 
are  changed:  both  the  strength  and  the  modulus  are  decreased. 

(Changes  in  the  deformation  modulus  are  discussed  in  Section  l-  .h.) 

In  most  cases,  an  unsupported  rock  mass  around  an  opening  cannot  yield 
(or  fail)  and  still  maintain  its  continuity.  Once  the  failure  process  is 
initiated,  discontinuous  movements  begin  to  occur,  which,  if  allowed  to  con¬ 
tinue,  may  result  in  the  instability  of  large  portions  of  the  opening. 
However,  if  large  discontinuous  movements  and  gross  failures  are  prevented 
by  proper  support  of  the  opening,  a  continuum  theory  may  closely  approxi¬ 
mate  the  behavior  of  a  real  rock  mass:  tne  formation  of  fractures  and  the 
movement  along  fractures  are  then  considered  to  be  part  of  the  yielding 
process . 

Therefore,  by  assuming  the  proper  material  properties  for  both  the 
undisturbed  rock  mass  and  the  fractured,  near -surface  rock,  continuum  solu¬ 
tions  may  be  used  to  aid  in  evaluating  the  behavior  of  real  rock  materials. 
One  of  the  difficult  steps  in  the  problem,  however,  is  determining  the 
properties  of  the  near-surface,  fractured  rock.  It  is  apparent  that  these 
properties  will  not  only  be  determined  by  the  characteristics  of  the  rock 
mass--its  intact  strength  and  modulus,  and  its  in-situ  joint  characteris¬ 
tics  --but  by  the  boundary  conditions  imposed  during  construction-- 
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primarily,  by  the  nature  of  the  support  system. 


However,  if  the  effect  of 
the  support  system  upon  the  rock  mass  were  known  it  woul.s  not  be  necessary 
to  resort  to  a  theoretical  solution.  Thus,  the  problem  appears  to  be  one 
without  a  simple,  determinate  solution.  Because  of  the  indeterminacy  of 
the  problem  and  the  dependence  of  the  behavior  upon  construction  details, 
field  observation  of  real  rock,  behavior  is  necessary  to  provide  an  under¬ 
standing  of  the  problem.  Theoretical  studies,  although  limited,  do  provide 
further  insight  into  the  problem  by  defining  the  parameters  and  basic  rela¬ 
tions  for  certain  limiting  cjnditions  of  rock  behavior.  Siurpxe  rock  models 
may  also  aid  by  providing  a  means  of  observing  failure  modes  which  cannot 
be  predicted  from  theory. 

Jointed  Rock  Model 

The  results  of  direct  shear  tests  performed  by  Patton  (1966)  on  saw¬ 
toothed  and  square -toothed  Kaolin-plaster  models  are  useful  in  illustrating 
the  behavior  of  a  jointed  rock  mass.  Some  conclusions  as  to  the  effective¬ 
ness  of  rock  support  procedures  may  be  obtained  from  these  tests. 

The  strength  envelope  for  a  jointed  rock  mass  should  fall  somewhere 
between  the  strength  envelope  for  an  intact  specimen  and  the  strength 
envelope  for  a  smooth  joint  plane.  The  actual  position  of  the  strength 
envelope  between  these  two  limits  depends  on  a  number  of  variables  which 
were  investigated  with  the  simple  joint  models  and  are  discussed  in  the 
following  paragraphs. 

Fig*  55a  shows  typical  shear  force -displacement  curves  for  a  sawtooth 
joint  model  tested  at  three  different  normal  loads,  .  For 

the  test  performed  with  the  normal  load  equal  to  ,  the  shear  force 
built  up  to  a  peak,  and  then  a  brittle  failure  occurred  through  the  base 
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Fig.  55.  Effect  of  joints  on  strength  of  rock  mass 
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of  the  tooth.  With  continued  displacement,  irregular ' tir-s  along  the  .joint 
plane  were  removed  and  the  strength  was  reduced  to  a  residual  valu<  equal 
to  the  strength  along  a  plane  surface.  For  the  other  tests,  the  normal 
forces  IL  and  were  low  enough  that  sliding  up  the  tooth  occurred 

under  a  constant  shearing  force,  before  the  tooth  was  sheared  off;  there¬ 
fore,  these  shear  force -displacement  curves  exhibited  a  mesa-like  peak  be¬ 
fore  'che  strength  dropped  to  its  residual  value. 

The  corresponding  strength  envelopes  for  various  displacements  are 
shown  in  the  shear  strength -normal  force  diagram  of  Fig.  5!?a.  The  angle  i 
is  the  angle  of  inclination  of  the  tooth;  it  produces  an  apparent  increase 
in  the  angle  of  friction  for  the  jointed  material  when  riding  up  the  tooth 
occurs.  When  the  normal  forces  are  high  enough  to  shear  the  tooth,  the 
envelope  breaks  over.  In  this  portion  of  the  curve,  the  material  has  a 
lower  angle  of  friction,  but  a  high  value  for  the  apparent  cohesion  inter¬ 
cept.  After  the  material  has  reached  its  ultimate  strength,  further  dis¬ 
placement  causes  a  reduction  in  the  apparent  cohesion  intercept.  With  con¬ 
tinued  displacement,  the  strength  envelopes  are  reduced  until  they  match 
the  envelope  for  a  plane  joint  surface. 

Several  conclusions  on  the  strength  of  a  jointed  rock  mass  can  be 
drawn  from  this  figure.  It  is  apparent  that  as  displacements  become  large, 
the  interlock  is  sheared  off  and  the  strength  is  reduced.  The  experience 
in  underground  construction  verifies  this  conclusion:  the  sooner  adequate 
supports  are  placed,  the  less  chance  that  failure  will  occur.  If  supports 
are  not  placed  properly,  large  displacements  often  occur  and  interlock  of 
the  rock  blocks  is  lost.  The  remedial  support  required  to  maintain  the 
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stability  of  this  partially  failed  mass  is  often  much  greater  than  the 
support  required  to  prevent  the  initial  failure. 

In  Fig.  55&,  the  displacements  along  the  shear  plane  are  not  in  terms 
of  the  total  length  of  the  shear  plane  (a  shearing  strain)  but  are  in  terms 
of  the  joint  irregularity- -in  this  case,  the  total  length  of  the  sawteeth. 
This  is  the  only  appropriate  way  of  normalizing  the  displacements.  Very 
large  displacements  may  occur  before  a  large  irregularity  will  shear  off, 
but  a  small  irregularity  may  shear  off  or  be  overridden  at  such  a  small 
displacement  that  it  may  have  little  or  no  practical  effect  on  increasing 
the  shear  strength  of  the  rock  mass.  One  of  the  problems  in  designing  a 
support  system  is  in  determining  that  the  system  is  rigid  enough  and  strong 
enough  to  prevent  excessive  loss  of  interlock.  This  requires  a  knowledge 
of  the  joint  characteristics. 

At  low  normal  loads,  an  interlocking,  jointed  rock  mass  will  have  a 
very  high  angle  of  friction  but  no  cohesion.  At  higher  normal  loads  (or 
confining  pressures)  the  rock  mass  can  be  treated  as  having  an  apparent 
cohesion  intercept,  and  a  lower  angle  of  friction.  The  value  chosen  for 
the  apparent  cohesion  intercept  is  dependent  on  the  amount  of  displacement 
which  the  rock  mass  is  capable  of  undergoing  throughout  the  life  of  the 
project.  This  depends  to  a  large  extent  on  the  boundary  conditions  of  the 
problem.  Patton  (1966)  describes  the  behavior  of  a  large  number  of  natural 
rock  slopes  in  the  Western  United  States  which  have  bedding  planes  parallel 
to  their  slope.  He  concluded  that  the  stable  slopes  were  inclined  at 
angles  only  one  or  two  degrees  greater  than  the  residual  angle  of  friction 
(($  )  along  a  bedding  plane.  The  broad,  low-angle  irregularities  along  the 
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beddinc  planes  provided  some  additional  resistance  to  ‘allure,  but  tin- 
short,  steep  irregularities  were  progressively  sheared  and  overridden  and 
therefore  provided  no  long-term  resistance  to  failure.  Patton  refers  to 
the  zone  intermediate  between  the  intact  and  residual  envelopes-,  as  a  zone 
of  unstable  equilibrium.  For  an  underground  opening,  however,  the  geom¬ 
etry  is  such  that  a  relatively  small  amount  of  internal  support  can 
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maintain  the  strength  of  the  rock  mass  above  its  residual  joint 
strength.  Stability  may  therefore  be  achieved  in  this  zone  of  unstable 
equilibrium. 

Fig.  55b  illustrates  a  typical  strength  envelope  for  square-toothed 
specimens.  The  envelope  for  the  square -toothed  specimen  can  be  predicted 
on  the  basis  of  the  area  of  the  tooth  and  the  intact  strength  of  the  speci¬ 
men.  This  envelope  intercepts  the  zero  normal  load  axis;  thus  it  has  co¬ 
hesion.  The  actual  envelope  is  a  line  which  curves  up  from  the  origin  and 
approaches  the  predicted  curve  as  the  normal  load  increases.  The  envelope 
initially  has  a  very  high  angle  of  friction  and  no  cohesion.  The  loss  in 
cohesion  at  low  normal  loads  might  easily  have  been  the  result  of  minor 
apparatus  errors.  But  it  does  point  up  the  significance  of  minor  boundary 
conditions  on  the  strength  of  the  rock  mass  at  low  normal  loads.  If  the 
proper  boundary  restraint  were  provided,  the  square -toothed  joint  would 
have  a  cohesion  intercept. 

Rock  bolts  and  the  curved  geometry  of  underground  openings  may  provide 
this  restraint  to  a  rock  mass.  Only  a  very  small  amount  of  normal  load  is 
required  to  move  up  the  strength  envelope  so  that  a  sufficient  strength  is 
developed  to  maintain  the  stability  of  the  opening.  Or  the  restraint  pro¬ 
vided  by  the  support  system  may  be  such  that  thfe  material  can  develop  an 
actual  cohesion  at  low  normal  loads.  Either  way  of  looking  at  the  problem 
is  correct.  It  should  be  emphasized,  however,  that  the  cohesion  and  angle 
of  friction  values  selected  for  use  in  theoretical  solutions,  such  as 
elastic-plastic  continuum  relations,  may  not  necessarily  be  the  true  or 
"intrinsic"  strength  properties  of  the  material.  Rather,  they  are  merely 
a  sxope  and  an  intercept  value  which  provide  a  straight-line  approximation 
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of  the  strength  envelope  in  the  pressure  range  of  interest. 


Estimate  of  Fractured  Zone  in  Tuff 

on  the  Basis  of  Elastic-Plastic  Theory 

Some  insight  into  the  effect  of  rock  strengthening  and  rock  sup¬ 
port  on  the  depth  of  fracturing  around  the  cavities  can  be  obtained  from 
the  elastic-plastic  theory  developed  in  Section  5-2.  The  depth  of  the 
yielded  zone  around  a  100-foot-diameter  tunnel  for  various  assumed  values 
of  the  material  properties  of  tuff  is  given  in  Table  IV.  Although  the 
strength  envelope  for  a  fractured  rock  is  nonlinear,  the  elastic-plastic 
equation  used  (equation  5)  requires  a  single  value  for  $  as  well 
as  for  c  .  Table  IV  also  shows  the  effect  of  the  internal  pressure  applied 
by  the  rock  bolts  (approximately  20  psi  for  bolts  on  3-foot  centers)  upon 
the  size  of  the  destressed  zone. 

Excavation  of  the  cavities  caused  fracturing  in  the  rock  surrounding 
the  opening.  The  properties  of  the  tuff  changed  from  an  essentially  in¬ 
tact  material  having  high  cohesion  (material  l)  to  a  fractured  material  of 
little  or  no  cohesion  (materials  2  and  3>  Fig.  55c).  As  discussed  in  the 
preceding  paragraphs,  the  rock  support  system  will  strongly  affect  the 
properties  of  the  near-surface  rock.  With  adequate  support,  the  fractured 
rock  mass  (material  2)  will  have  a  high  angle  of  friction  at  low  confining 
pressures  and,  at  the  higher  confining  pressures,  an  apparent  cohesion 
intercept  which  approaches  the  cohesion  of  the  intact  specimen.  If  the 
support  is  not  adequate  and  large  deformations  occur  around  the  opening, 
the  material  properties  will  be  further  affected:  the  apparent  cohesion 
intercept  will  be  lost  and  the  angle  of  friction  will  be  reduced  so  that 
the  strength  will  tend  to  approach  the  residual  strength  (material  3)» 
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TABLE  IV 


DEPTH  OF  YIELDED  ZONE  FOR  VARYING  MATERIAL  PROPERTIES  AND  INTERNAL 
PRESSURES,  lOO-FOOT-DIAMETER  TUNNEL  IN  AN  ELASTIC- PLASTIC 
MATERIAL  SUBJECTED  TO  A  HYDROSTATIC  PRESSURE  OF  IOOO  PS  I 


Depth 

of  Yielded 

Material  Properties 

0  2  ct,  psi* 

Zone 

,  ft ,  for 

Assumed  Material 

p.  =0 

p.  =  20  psi 

L 

1. 

Intact  tuff,  and  in-situ 

1+5° 

U50 

3 

3 

tuff  away  from  vicinity  of 
opening 

1+5° 

1000 

6.5 

6.5 

30° 

1500 

4 

it 

30° 

1000 

11 

10 

30° 

500 

29 

26 

2. 

Fractured  tuff  near  opening; 

Oc 

o 

o 

0 

00 

7.5 

suppor cod 

Fractured  tuff  near  opening 

45° 

0 

00 

35 

3. 

Fractured  tuff  near  opening; 

30° 

0 

00 

200 

residual  joint  strength, 
unsupported 

*  2  ct  =  2  c  tan  (1+5  +  =  unconfined  compressive  strength,  • 
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The  oizo  of  ih e  yielded  zone  for  these  •  mater ;  -i] ;;  varies  gr^at  ly .  For 
essentially  intact  materials  (material  l),  the  yielded  zone  ranges  from  3  to 
30  feet;  a  reasonable  range  is  5  to  12  feet.  For  these  high  cohesion,  intact 
materials,  the  internal  pressure  applied  by  the  bolts  has  almost  no  effect 
on  the  size  of  the  yielded  zone.  The  size  of  the  yielded  zone  for  the 
properly  supported,  but  fractured,  near-surface  rock  O'  ,  0  -  0  , 

p.  =  20  psi)  is  approximately  the  same  as  for  the  intact  material,  7.5  feet. 
(The  observed  depth  of  fractured  rock  in  the  cavities  was  also  approximately 
the  same.)  If  both  and  c  are  assumed  equal  to  zero  (an  impossible 

condition  for  a  stable  rock  mass),  the  size  of  the  deotressed  zone  is  in¬ 
finite.  For  the  unsupported  rock  with  no  cohesion  and  little  internal  pres¬ 
sure,  the  size  of  the  yielded  zone  is  extremely  large.  Even  if  it  is  assumed 
that  the  full  internal  pressure  is  applied  by  the  bolts,  the  yielded  (frac¬ 
tured)  zone  is  still  excessively  large  (200  feet  deep).  If  the  rock  mass 
has  no  effective  cohesion  and  no  restraint  at  the  surface,  slabbing  and  fall¬ 
out  will  accompany  the  fracturing  process  until  the  failed  rock  fills  the 
opening  or  the  cavity  reaches  a  stable  dome  configuration  where  the  radius  of 
curvature  is  small  enough  to  prevent  blocks  from  falling  out .  From  the  above 
discussion,  it  is  apparent  that  the  support  in  the  cavities  was  sufficient 
to  maintain  the  strength  of  the  tuff  so  that  it  behaved  as  material  2. 

It  should  be  noted  that  the  presence  of  a  yielded  or  failed  zone  around 
an  opening  is  not,  in  itself,  indicative  of  an  unstable  condition.  In  the 
process  of  yielding,  stresses  are  transferred  away  from  the  opening  into 
the  unfailed,  deeper  rock,  thus  reducing  the  stress  concentrations  in  the 
near-surface  rock.  This  process  continues  until  a  stable  condition  is 
reached.  As  long  as  the  failed  rock  is  properly  supported,  a  portion  of 
its  strength  will  be  maintained  and  failure  of  the  opening  will  not  occur. 


However,  much  of  the  fractured  rock  in  the  yielded  zone  must  be  artificially 
supported.  For  this  reason,  it  is  desirable  that  the  fractured  zone  be 
small  and  not  require  a  large  amount  of  support.  If  the  size  of  the  frac¬ 
tured  zone  becomes  extremely  large  and  extends  to  depths  greater  than  the 
length  of  the  bolts,  it  is  very  possible  that  unstable  behavior  will  occur. 

One  of  the  important  factors  affecting  the  size  of  the  fractured  rock 
zone  is  the  amount  of  unbolted  surface  area  exposed  at  any  given  time  during 
excavation.  The  cavities  were  excavated  in  6-foot  increments.  Adjacent 
areas  were  not  excavated  until  bolts  were  placed  and  tensioned  on  exposed 
rock  surfaces.  In  this  manner,  excessive  slabbing  and  loosening  of  the 
rock  mass  were  prevented;  thus  the  strength  of  the  mass  was  preserved.  The 
average  thickness  of  the  slabbed  and  fractured  rock  in  the  cavities,  as 
determined  by  the  seismic  refraction  survey,  was  3  feet .  The  seismic  sur¬ 
vey  also  indicated  that  some  deeper  fracturing  had  occurred.  Fracturing 
and  offsets  along  fractures  were  observed  up  to  a  depth  of  approximately 
10  feet  around  the  opening.  These  depths  are  quite  similar  to  the  depth  of 
yielding  estimated  from  the  two-dimensional  elastic-plastic  theory,  using  the 
strength  properties  for  a  stable,  jointed  mass  (material  2,  fig.  55c). 

If  the  cavity  had  been  excavated  in  larger  sections  and  if  bolting  had 
been  delayed,  slabbing  around  the  cavities  would  have  been  more  pronounced, 
the  depth  of  fracturing  would  have  been  larger,  and  rock  falls  might  have 
occurred.  Reduced  values  for  and  c  would  have  to  be  used  to  estimate 
the  depth  of  fracturing  around  the  opening.  The  large  movements  on  the 
plane  face  of  Cavity  II  which  occurred  when  construction  was  resumed  after 
a  two-month  strike  seem  to  illustrate  the  change  in  properties  caused  by 
a  delay  in  bolting.  The  strike  may  have  provided  time  for  the  unbolted 
floor  of  the  cavity  to  loosen  and  lose  a  portion  of  its  strength. 
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The  theory  discussed  above  suggests  that  rock  bolts  must  be  o:" 
sufficient  length  to  extend  through  the  heavily  fractured  zone.  They  must 
be  strong  enough  to  support  the  loosened  rock  load  (which  could  possibly  bo 
approximated  by  the  depth  of  the  yielded  zone).  The  bolts  must  have  enough 
strength  and  stiffness  to  prevent  extensive  loosening  and  loss  of  strength 
of  the  rock  mass  . 

Fracturing  in  the  Drifts 

Excavation  of  the  drifts  provided  a  goo 3  opportunity  for  observing  the 
formation  of  fractures  and  slabs  around  a  simple  opening,  excavated  full- 
face.  The  fractures  were  concentrated  in  the  side  walls  of  the  drifts, 
indicating  that  the  highest  tangential  stresses  were  acting  at  the  sides 
of  the  opening,  a  condition  which  occurs  when  the  natural  vertical  stress 
exceeds  the  natural  horizontal  stress .  The  elastic  solution  for  biaxial 
stresses  around  a  circular  opening  (Section  5.2  and  Fig.  42)  illustrates 
this  condition.  Fig.  42  shows  the  location  of  the  overstressed  zones 
around  a  circular  tunnel  in  tuff  (having  a  given  $  and  c)  for  three 
different  loading  conditions:  oh  =  ay  ,  ah  =  j  and  °h  ~  0  ‘  For 

=  cy  the  overstressed  zone  extends  around  the  entire  opening  to  a  depth 
of  0.08a.  In  the  drifts  and  boreholes  in  the  vicinity  of  Cavities  I  and  II, 
the  natural  vertical  stresses  were  approximately  twice  the  horizontal  so 
that  the  maximum  depth  of  the  overstressed  zone,  from  Fig.  42,  is  0.10a 
and  extends  from  54°  above  to  54°  below  the  horizontal.  The  failures 
observed  in  the  circular  boreholes  (Fig.  26)  closely  approximated  this 
condition.  Failures  in  the  drifts  were  also  similar  to  this;  however, 
some  variations  in  the  pattern  were  present  due  to  the  irregular  shape  of 
the  opening.  Figs.  56b  and  c  show  two  of  the  typical  cross  sections  for 
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Fig.  56.  Fracture  patterns  of  drifts  in  tuff  compared  with 
fracture  patterns  of  uniaxially  loaded  model  opening 
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drifts  in  the  tuff.  Fig.  56a  illustrates  the  fractures  observed  in  a 
stress-coated  lucite  model  opening,  similar  in  shape  to  the  tunnels, 
which  was  loaded  statically  in  uniaxial  compression  (llassclbacher,  1951). 
The  fractures  in  the  model  are  very  similar  to  those  observed  in  the 
drifts  and  provide  further  evidence  that  high  vertical  stresses  and  low 
norizontal  stresses  were  the  cause  of  the  observed  fracture  patterns  in 
the  drifts. 

There  was  a  concentration  of  closely  spaced,  shallow  fractures 
around  the  sharp  corners  at  the  invert  of  the  drifts,  while  on  the  side 
walls  the  fractures  were  deeper  and  more  widely  spaced.  It  would  be 
reasonable  to  assume  that  both  the  spacing  and  the  maximum  depth  of 
fractures  formed  around  an  opening  are  related  to  the  radius  of  curvature 
of  the  surface.  In  Section  5-3  it  was  pointed  out  that,  around  corners, 
tangential  stress  concentrations  are  high  and  the  radial  stress  builds  up 
rapidly  with  depth  so  that  the  depth  of  the  overstressed  zone  is  small. 
Conversely,  on  the  large  plane  surfaces,  although  tangential  stresses  are 
low,  the  overstressed  zone  is  deep  because  of  the  slow  buildup  of  radial 
stress  with  depth.  The  portions  of  the  cavity  having  a  small  x’adius 
of  curvature  were  least  affected  by  slabbing  and  discontinuous  movement, 
while  on  the  large  plane  surfaces,  more  difficulty  was  encountered  with 
deep  slabbing  and  large  movement. 

Orientation  of  Fractures  and  Mode  of  Failure 

Most  investigators  separate  the  failure  of  brittle  materials  into  two 
distinct  groups:  shear  failures,  which  consist  of  a  sliding  of  particles 
over  one  another,  and  splitting  or  cleavage  failures,  which  consist  of 
a  breaking  of  bonds  and  a  separation  of  particles.  (Patton,  1966, 
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summarizes  much  of  the  literature  concerned  with  the  investigation  of  failure 
modes,  emphasizing  the  work  done  in  concrete.)  Terzaghi  (1945)  considers  a 
third  type  of  failure:  a  pseudo-shear  failure  which  is  a  combined  shear  and 
splitting  failure.  Many  of  the  failures  observed  in  simple  laboratory  tests 
are  of  this  type.  For  example,  Nadai  (1950)  describes  the  diagonal  failure 
in  the  unconfined  compression  test  as  a  series  of  en  echelon  cleavage 
fractures  which  tend  to  be  oriented  parallel  to  the  compressive 
stress  direction.  It  is  commonly  observed  that  fractures  form  parallel  to 
the  major  principal  (compressive)  stress  in  triaxial  extension  tests,  where 
the  axial  stress  is  reduced  below  the  radial  confining  pressure .  Terzaghi 
(1945)  notes  that,  at  low  confining  pressure,  failure  is  primarily  a 
pseudo-shear  failure  and  that  at  higher  confining  pressures,  failure  by 
shear  becomes  more  frequent. 

The  rate  of  loading  is  another  factor  affecting  the  mode  of  failure. 

Rocks  which  are  normally  ductile  and  exhibit  shear-type  failures  under 
static  conditions  may  under  dynamic  conditions  behave  in  a  brittle  manner 
and  exhibit  cleavage-type  failures .  Nadai  (1950)  cites  bursting  tests 
performed  on  thin-walled  steel  cylinders  by  Davis  (1948)  as  an  example.  Under 
dynamic  rates  of  loading,  cleavage  fractures  predominated,  while  under 
statically  applied  pressures,  shear  failures  predominated.  Nadai  also 
describes  test  results  which  show  that  the  velocity  of  propagation  of 
cleavage  fractures  is  more  rapid  than  the  velocity  of  propagation  of 
shear  fractures . 

In  the  preceding  sections  it  was  shown  that  the  depth  of  fracturing 
in  the  drifts  and  cavities  compared  closely  with  the  depth  predicted  by  a 
Mohr-Coulomb  failure  criterion.  This  theory  predicts  that  failure  will 
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occur  when  the  maximum  shear  strength,  c  +  p  ten  f  ,  is  exceeded  along  a 
plane  oriented  at  45  -  ft/ 2  deg  to  the  direction  of  the  major  principal 
stress.  According  to  this  theory,  the  slip  lines  around  a  circular  open¬ 
ing  in  a  hydrostatic  stress  field  intersect  the  surface  at  an  angle  varying 
from  approximately  22  to  45  deg,  depending  on  the  value  of  ft  (Fig.  39)* 
However,  in  the  cavities  and  drifts  it  was  commonly  observed  that  the 
fractures  were  formed  parallel  to  the  surface  of  the  opening  (and  parallel 
to  the  major  principal  stress).  Refer  to  Figs.  24,  31s  and  33*  Fractures 
which  form  parallel  to  the  major  principal  stress  have  been  observed  in 
many  other  situations  in  both  the  field  and  laboratory  and  have  been 
variously  described  as  stress  relief  fractures,  splitting  fractures,  ex¬ 
tension  fractures,  and  cleavage  fractures.  These  fractures  typically  occur 
in  the  more  brittle  and  un jointed  rocks--such  as  the  tuff--but  have  also 
been  observed  in  jointed  rock  masses,  such  as  jointed  granites.  Moye  (1959) 
reported  the  occurrence  of  extension  fractures  around  the  tunnels  and 
openings  for  the  Tumut  I  powerhouse,  excavated  in  a  jointed  granite.  Ex¬ 
tension  fractures  and  popping  rock  were  observed  by  Serafim  (1961)  during 
the  excavation  of  Picote  Power  Station,  also  in  a  jointed  granite.  The 
mining  literature  contains  many  other  examples  of  fractures  and  slabs 
formed  parallel  to  the  sides  of  drifts  and  pillars. 

Rockbursts  often  result  in  the  formation  of  fractures  parallel  to 
the  surface  of  an  opening.  Spalding  (1949)  describes  this  as  a  typical 
mode  of  failure  for  drifts  subject  to  rockbursts.  An  excellent  example 
of  the  failure  of  drifts  due  to  rockbursts  is  illustrated  by  Isaacson  (1958), 
in  a  photograph  which  shows  closely  spaced  <.  leavage  fractures  formed  in  a 
completely  closed  drift  in  quartzite,  Kolar  Goldfields. 
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Extension  fractures  have  also  been  observed  in  natural  slopes  and 
valley  walls.  These  fractures  are  usually  attributed  to  relief  of  stress 
caused  by  the  removal  of  overburden,  either  by  erosion  of  a  natural  slope, 
or  in  some  cases,  excavation  of  a  foundation.  "Sheeted  granites"  is  a 
term  commonly  used  to  describe  massive  gr- niter.  which  exhibit  natural 
extension  fractures.  Many  of  the  rock  slopes  and  domes  in  the  Sierras 
of  California  exhibit  an  onionskin  layering  with  sheets  approximately 
3  to  10  feet  thick  resulting  from  extension  failures.  Terzaghi  (1962) 
describes  sheeted  granites  in  the  Gierras  as  typically  containing,  with¬ 
in  a  distance  of  at  least  Ho  or  90  feet  from  the  exposed  surface,  a  set  of 
joints  which  parallel  the  exposed  surface.  Their  spacing  commonly  in¬ 
creases  with  increasing  distance  from  the  exposed  surface.  Savage  (1950) 
reports  on  the  formation  of  slabs  in  the  valley  floor  at  the  Grand  Coulee 
Damsite.  As  overburden  was  removed  from  the  foundation,  slabs  formed  in 
the  valley  floor.  Removal  of  these  slabs  resulted  in  the  formation  of 
additional  slabs  in  the  underlying  foundation.  High  horizontal  tangential 
stresses,  which  typically  exist  in  the  floor  of  a  valley,  undoubtedly 
contributed  to  the  formation  of  the  slabs. 

In  the  examples  described  above,  extension  fractures  were  formed 
when  all  principal  stresses  were  compressive.  Mohr-Coulomb  theory  will 
predict  the  formation  of  a  failure  plane  normal  to  a  principal  stress  only 
if  the  principal  stress  is  tensile.  The  theory  is  unable  to  account  for 
these  failures  when  all  principal  stresses  are  compressive.  Griffith's 
failure  theory  describes  the  conditions  which  will  allow  propagation  of 
cracks  around  elongated  ellipsoidal  flaws .  It  also  predicts  that  fractures 
will  form  when  the  stresses  normal  to  the  flaw  are  tensile .  Fairhurst  and 
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Cook  (1966)  describe  the  applicability  of  a  Griffith-type  crack  propa -ation 
theory  to  situations  where  all  stresses  are  compressive.  From  elastic 
theory,  they  show  that  the  fracture  will  tend  to  form  near  the  end  of  the 
flaw  and  then  curve  and  propagate  in  the  direction  of  the  major  principal 
stress .  They  attribute  many  of  the  splitting  failures  observed  in  ^con¬ 
fined  compressive  tests  to  this  mechanism  and  conclude  that  extension  frac¬ 
tures  around  underground  openings  are  initiated  by  the  propagation  oi 
fractures  around  flaws,  and  that  the  failure  is  aided  by  the  tendency  for 


buckling  of  the  exposed  surface  slabs. 

Another  means  of  explaining  extension  fractures  is  by  an  extension 
strain  theory.  Nadai  (1950)  in  describing  an  -article  oy  1  iylor  (19^*7) 
states  that  "the  strongest  chemical  bond  in  the  substance  can  be  stretched 
a  certain  characteristic  length  in  order  to  be  broken;  which  might  be 
expressed  as  the  elastic  extension  of  a  corresponding  length."  Thus 
failure  occurs  when  a  certain  limiting  strain  is  reached. 

Both  the  extension  strain  and  the  crack  propagation  theories  empha¬ 
size  the  importance  of  the  bond  between  particles.  Therefore,  the  cohesive 
or  tensile  strength  characteristics  of  the  material  appear  to  be  of  greater 
significance  than  the  frictional  characteristics  for  describing  extension 
or  cleavage  fractures .  It  would  be  expected  that  the  cleavage  mode  of 
failure  would  be  most  likely  to  occur  in  materials  having  a  low  tensile 
strength  with  respect  to  their  unconfined  or  triaxial  shear  strength. 

Failures  Influenced  by  the  Size  of  the  Opening 

The  failure  theories  described  in  the  previous  sections  are  independent 
of  the  size  of  the  opening  and  do  not  account  for  the  effect  of  joint 
spacing  and  gravity  loads  upon  stability.  It  was  observed  in  the  tufi 
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that  some  failures  appeared  to  be  independent  of  the  size  of  the  opening,; 
fractures  in  the  small  boreholes  (Fig.  26)  were  very  similar  to  the 
fractures  observed  in  the  side  walls  of  the  drifts  (Fig  24)  .  However, 
certain  failures  were  observed  in  the  larger  openings  which  were  not  pres¬ 
ent  in  the  small  openings.  These  failures  could  only  be  explained  by  the 
-ravity  load  and  joint  spacing  effects. 

According  to  scaling  relations,  gravity  loads  are  dependent  on  the 
size  of  the  opening.  As  the  size  of  the  opening  increases,  the  weight  of 
the  rock  which  must  be  supported  above  the  opening  also  increases,  and 
there  is,  of  course,  no  corresponding  increase  in  the  strength  of  the  rock 
surroimding  the  opening.  This  can  only  result  in  a  decreased  stability  of 
the  larger  openings . 

Another  factor  which  affects  the  stability  of  an  opening  is  the  joint 
spacing.  Ouviously,  joints  spaced  on  2-foot  centers  will  have  little 
weakening  effect  on  a  4-foot-diameter  opening,  but  can  be  of  critical  im¬ 
portance  for  a  20-foot-diameter  opening.  The  higher  the  ratio  of  the 
joint  spacing  to  the  span  of  the  opening,  the  greater  will  be  the  tendency 
for  instability . 

The  support  system  will  be  determined,  to  a  large  extent,  by  the 
gravity-load  condition  and  the  spacing  of  joints.  As  the  size  of  the 
opening  increases,  the  possibility  of  instability  due  to  fractures  and  the 
near-surface  rock  load  increases,  necessitating  the  use  of  artificial  sup¬ 
ports  .  The  support  system  must  be  capable  of  maintaining  the  coherency  of 
the  rock  mass  and  decreasing  the  unsupported  span  of  the  opening. 

For  many  openings,  the  spacing  of  the  support  system  is  controlled  by  the 
fracture  spacing  of  the  rock  mass.  If  a  continuous  support  (such  as 
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sand-cement  gunite  reinforced  with  wire  mesh)  is  placed  on  the  rock  surface 
between  the  individual  supports  (such  as  rock  belts),  the  spacing  of  the 
supports  is  no  longer  controlled  by  the  joint  spacing,  and  it  may  be  possible 
to  use  a  wider  support  spacing. 

In  the  tuff,  failures  occurred  in  the  crow:  of  some  of  the  drifts 
which  did  not  occur  in  nailer  openings.  There  was  almost  no  evidence  of 
fracturing  in  the  crown  ol'  the  ''-foot  by  7- fool  drift  (Fig.  ~b);  however, 
fracturing  was  observed  in  th“  crown  of  the  10-foot  and  13-foot  drifts. 

Post  of  these  fractures  appeared  to  be  controlled  by  bedding  plane  weak¬ 
nesses  (Fig.  -'7 ) .  In  some  cases,  where  a  io  mate  support  was  not  main¬ 
tained,  loosening  and  fallout  of  roof  slabs  occurred.  If  unchecked,  such 
fallout  continues  until  a  "natural"  arch  is  formed  which  io  capable  of 
supporting  the  rock  above  the  opening.  The  large  overbreak  observed  in 
Fig.  .  3  is  an  example  of  such  a  natural  arch.  If  the  rock  is  properly 
restrained,  loosening  of  the  slabs  will  be  limited  to  a  small  area  near 
the  surface  of  the  opening . 

The  height  of  loosened,  gravity-loaded  rock  which  must  be  supporter 
above  an  opening  io  dependent  on  the  character  of  the  rock  mass  (particu¬ 
larly  its  degree  of  jointing)  and  che  nature  of  the  support  system. 

Terzaghi  (19^6)  describes  tunneling  conditions  on  the  basis  of  the 
loosened  zone  above  the  tunnels.  For  very  closely  join+  :  jok  the 
height  of  the  loosened  zone  with  respect  to  the  tunnel  diameter  will  be 
large;  for  competent  rock  the  height  of  the  loosened  zone  is  small. 

Terzaghi  also  emphasizes  the  lr.port.ance  of  placing  tunnel  supports  rapidly 
during  the  "stand-up  time"  of  the  rock,  in  order  to  prevent  progressive 
loosening  of  rock  blocks  in  the  crown  and  an  increase  in  the  amount  of 
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looci  n'.'d  rock  to  be  supported.  The  support  requirements  outlined  by 
Ter  wighi  were  intended  for  use  in  relatively  shallow  rock  tunnels  with 
st.-el  supports,  and  have  boon  the  basis  for  much  of  the  Civil  Works  tun- 
n-’l  design  in  the  past  .0  years. 

This  type  of  design  was  not  intended  and  cannct  be  used  for  large, 
underground  openings .  Such  a  design  would  be  excessively  conservative  in 
the  dome  and  unconservative  in  the  side  walls .  Construction  of  large 
openings  is  possible  because  they  are  excavated  in  increments  and  supported 
as  excavation  proceeds.  In  this  way,  extensile  loosening  of  the  rock 
above  the  dome  will  not  occur,  (in  the  tuff  cavities,  the  fracturing  in 
the  dome  was  not  significantly  deeper  than  on  the  side  walls.)  The  depth 
of  loosened  rock  will,  to  a  large  extent,  depend  on  the  amount  of  unsup¬ 
ported  reck  surface  exposed  during  a  given  excavation  cycle.  With  this 
method  of  construction,  it  is  not  possible  for  a  "natural  arch"  to  form 
al  ove  the  opening.  Rock  bolts  need  not  extend  to  the  maximum  depth  of  a 
natural  arch,  but  they  must  extend  to  a  sufficient  depth  to  prevent  move¬ 
ment  along  joint  planes  which  enclose  potentially  unstable  wedges  of  rock. 
These  wedges  may  be  located  on  the  sides  and  lower  portions,  as  well  as 
in  the  dome  of  the  opening. 
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CHAPTER  6 


BEHAVIOR  OF  TIE  CAVITY  IN  GRANITE  AND  COMPARISON  WITH  TIEORY 

6.1  MEASUREMENT  OF  ROCK  DISPLACEMENT 

Rock  movement  in  the  rranitc  cavity  was  measure  1  using  single-position 
extensometers  placed  in  clusters  of'  four,  with  lengths  ranging  from  5  to 
50  feet.  The  single-position  extensometer  is  IcscriLct  in  Section  4.1 
(Fig.  20a).  The  extensometer  sets  were  covered  at  the  surface  with  wire 
mesh  and  plywood  to  protect  against  flyrock.  Before  this  covering  was 
placed ,  a  few  of  the  units  w>re  struck  by  flyro  •>.,  necessitating  recalibra- 
tlon  of  the  units.  Dashed  lines  in  Fig.  57  indicate  the  period  in  which 
these  erratic  readings  occurred  for  a  given  single -pos it ion  unit.  Move¬ 
ments  'ompatible  with  those  of  the  other  units  were  assumed  for  this  period. 

6.2  OBSERVED  DISPLACEMENTS 

rr' .e  ’isplacement  of  the  cavity  surface  with  respect  to  the  deepest 
anchc  v  ,.;0  or  50  feet)  of  each  extensometer  set  is  plotted  against  time 
and  compared  with  excavation  progress  in  Fig.  57.  Displacement-depth  re¬ 
lations  and  extensometer  locations  are  shown  in  Fig.  58. 

Dome  (A)  and  Curved  Surface  (c) 

Displacements  in  the  dome  and  on  the  curved  surfaces  of  the  cavity 
ranged  from  0.015  to  0.040  inch  and  were  concentrated  near  the  surface; 
very  little  movement  was  recorded  beyond  25  feet  from  the  surface.  (The 
apparently  large  displacement  recorded  at  the  30-foot  depth  for  extensom¬ 
eter  1II-A-2  appears  to  be  an  erratic  reading.)  Ho  large  displacements 
were  recorded  which  would  indicate  loosened,  shallow  slabs  or  deep-sealed 
movement  along  joints.  Displacements  were  related  to  excavation  progress; 
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Displacement  of  Cavity  III  surface  with  respect  to  deep  (30-  and  50-ft)  extensometer  anchors 


upon  completion  oi'  tho  cavity,  rock  movement  had  almost  completely  ceased. 
An  oxtensometor  (lII-C-2)  nlaced  on  the  curved  surface  after  completion  of 
the  cavity  showed  no  displacement. 

Plano  Face  (D) 

Rock  displacements  on  the  plane  face  were  much  larger  than  on  the 
curved  surfaces.  Extensometcr  III-D-1,  at  the  center  of  the  plane  face, 
recorded  a  total  displacement  of  0.125  inch,  which  wa.s  concentrated  in  the 
first  10  feet  from  the  surface.  (The  extensometcr  was  installed  in  an 
alcove  at  the  center  of  the  plane  face  prior  to  general  excavation  of  the 
cavity  at  that  location.)  Extensometcr  III-D-2.  near  the  upper  portion  of 
the  plane  face,  displaced  0.05  inch. 

Much  of  the  displacement  observed  on  the  plane  face  was  a  result  of 
loosenin';  of  the  near-sur face  rock,  rather  than  an  elastic  response  of  the 
rock  to  the  stresses  relieved  by  excavation.  Displacements  on  the  plane 
face  did  not  occur  immediately  upon  excavation;  at  least  half  of  the  re¬ 
corded  displacement  occurred  as  the  cavity  neared  completion.  After  com¬ 
pletion  of  the  cavity,  the  movements  stabilised . 

6.3  DISCUSSION  OF  OBSERVED  DIG  PLACEMENTS 

The  clastic  displacements  in  the  granite  were  much  smaller  than  those 
in  thr‘  tuff  because  of  the  smaller  cavity  sice,  the  shallower  cavity  depth, 
and  the'  hi, ‘.'her  deformation  modulus  for  the  granite.  From  elastic  theory 
(Section  5.2)  the  magnitude  of  the  displacements  in  the  dome  of  the  granite 
cavity  should  be  approximately  1/36  times  that  of  the  disolacomente  in  the 
dome  oi'  the  tuff  cavities.  Discontinuous  movements  in  the  granite  should 
also  be  less  than  in  the  tuff,  because  of  the  decreased  tendency  for  ex¬ 
tension  fracturing  and  shallow  slabbing  in  the  granite,  and  tho  higher 
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factor  of  safety  against  deep  failure  in  the  granite  cavity,  iim  to  its 
more  conservative  rock-bolt  support  system. 

Although  the  magnitude  of  displacements  v/as  much  lees  in  the  -ranite 
than  in  the  tuff,  the  nature  of  the  displacements  was  suite  similar;  move¬ 
ments  on  the  stable  curved  surfaces  of  all  the  cavities  were  ■*. sse-ntially 
elasti  with  a  concentration  of  movement  near  the  surface  indicative  of 
a  decreased  deformation  modulus;  shall*- discontinuous  movements  also 
occurred  in  all  the  cavities  as  a  result  of  loosenin''  of  near-surface  slats. 

Dome  (A)  and  Curved  Surfaces  (c)  of  Cavity  III 

Displacements  on  the  curved  surfaces  of  the  cavity  correlated  closely 
with  the  predicted  elastic  displacement,  based  on  a  spherical  geometry 
(equation  (3),  Section  5.d).  In  e  station  (3)  it  is  assumed  that  both  the 
natural  horizontal  stress  and  t’no  natural  vertical  stress  are  equal  to 
hOO  psi  (a  reasonable  assumption,  as  discussed  in  Section  3.2,  natural 
State  of  Stress).  The  deformation  modulus  (•■*  X  10'  psi)  in  equation  (3) 
was  obtained  from  an  intact  modulus  (10  X  10  ;  si)  reduced  to  account  for 
the  compressibility  of  the  joints  in  the  rock,  mass  (refer  tc  Appendix  A). 

The  observed  extensemeter  displacements,  from  the  time  of  installation 
until  cavity  completion,  were  as  °ollows:  III-A-1:  0.915  inch;  III-A-2: 
0.020  inch;  III-C-1:  0.035  inch.  During  this  period  the  approximate  change 
in  cavity  radius  was  15  feet  at  each  of  the  three  extensometer  locations. 

For  this  chance  in  cavity  size,  the  predicted  elastic-  displacement  is 
0.022  inch,  a  very  close  approximation  to  the  actual  displacements . 

The  chance  in  cavity  radius  substituted  into  e  mat  ion  (3)  was  based 
on  an  av^race  spherical  cavity  size  ana  did  not  account  for  the  irro;  pilar 
shape  of  the  cavity.  A  further  refinement  in  the  displacement  prediction 
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would  be  obtained  by  accounting  for  the  irregular  shape  of  the  cavity-- 
cpecifically,  the  radius  of  curvature  of  the  cavity  surface  in  the  vicin¬ 
ity  of  the  extensometers .  According  to  elastic  theory,  the  magnitude  of 
the  displacement  of  the  surface  of  an  opening  is  related  to  the  span 
of  the  opening  or  the  radius  of  curvature  of  the  surface.  For  an  ellip¬ 
soidal  opening  in  a  hydrostatic  stress  field,  the  largest  inward  displace¬ 
ment  will  occur  on  the  surface  parallel  to  the  semimajor  axis,  which  is 
the  portion  of  the  ellipse  having  the  largest  span  and  the  largest 
radius  of  curvature.  In  Fig.  585  it  is  apparent  that  the  largest  dis¬ 
placements  occurred  on  the  surface  having  the  largest  radius  of  curvature 
(extensometer  III-C-l),  and  the  smallest  displacements  occurred  in  the 
dome,  where  the  radius  of  curvature  was  small. 

Although  the  magnitude  of  displacements  at  the  surface  was  essentially 
elastic,  the  distribution  of  displacement  with  depth  did  not  closely  approxi¬ 
mate  elastic  theory;  displacements  were  more  concentrated  near  the  surface 
and  dropped  off  more  rapidly  with  depth  than  predicted  from  theory.  The 
concentration  of  displacements  near  the  surface  probably  resulted  from 
slight  loosening  of  the  rock  during  excavation,  which  caused  a  reduction 
of  the  deformation  modulus  of  the  near-surface  rock.  This  behavior  was 
also  observed  in  the  tuff  cavities. 

Plane  Face  isl 

The  predicted  elastic  displacement  near  the  upper  portion  of  the 
plane  face  was  approximately  0.0U  inch- -one -half  the  displacement  predicted 
for  the  center  of  the  plane  face,  based  on  the  theory  for  a  uniform  pressure 
on  an  elastic  halfspace  (Section  5-2).  Extensometer  III-D-2,  on  the  upper 
portion  of  the  plane  face,  displaced  0.05  inch.  Initially,  the  displacement 
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appears  to  have  been  elastic;  during  the  later  stages  of  excavation  some 
discontinuous  movements  probably  occurred.  The  cxtensomotor  was  installed 
after  some  of  the  initial  rock  displacement  had,  in  all  probability,  al¬ 
ready  occurred.  Therefore,  the  total  displacement  on  the  upper  portion  of 
the  plane  face  probably  exceeded  0.05  inch. 

The  total  predicted  elastic  displacement  at  the  center  of  the  plane 
face  was  0.08  inch.  The  observed  displacements  at  the  center  of  the  plane 
face  (extensometer  III-D-l)  appeared,  initially,  to  approximate  elastic 
theory;  but  during  the  later  stages  of  excavation,  displacements  increased 
to  0.125  inch.  Most  of  this  movement  was  concentrated  within  the  first 
10  feet  from  the  surface,  and  was  thought  to  be  a  result  of  loosening  of 
shallow  rock  blocks.  Examination  of  the  plane  face  supported  this  view. 
Cracks  were  found  on  the  surface  and  at  a  depth  of  a  few  feet  in  boreholes 
on  the  plane  face.  Numerous  joint  planes  paralleled  the  plane  face,  and 
some  faults  and  natural  shear  zones  intersected  the  plane  face  at  low 
angles.  Loosening  of  the  blocks  formed  by  these  discontinuities  was  a 
major  cause  of  the  shallow  displacements  on  the  plane  face.  The  6-foot 
spacing  of  rock  bolts  on  the  plane  face  was  adequate  for  the  overall  sta¬ 
bility  of  the  face,  but  did  not  prevent  minor  slabbing  from  occurring.  It 
is  almost  inevitable  that  such  a  condition  would  exist  on  a  large  plane 
surface,  particularly  when  joints  are  oriented  parallel  to  the  surface. 

6.4  FRACTURING  IN  THE  GRANITE 

Rock  failure  in  the  granite  differed  considerably  from  the  failure 
observed  in  the  tuff.  The  tuff  was  relatively  homogeneous,  and  stress 
levels  were  high  enough  so  that  extension  fractures  formed  around  the 
openings  as  they  were  excavated.  Failure  in  the  granite  did  not  occur  in 
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this  manner,  for  two  reasons:  first,  the  granite  is  sufficiently  jointed 
that  failure  will  occur  along  existing  weakness  planes  rather  than  through 
intact  portions  of  the  rock  mass;  second,  although  the  stress  concen¬ 
trations  around  the  openings  in  the  granite  are  high  enough  to  cause 
differential  movement  along  the  existing  joints,  they  are  not  high  enough 
to  cause  fractures  to  form  in  the  high-strength,  intact  portions  of  the 
rock  mass.  The  behavior  subsequent  to  the  formation  of  fractures  was 
similar  for  both  the  tuff  and  the  granite;  loosening  of  protruding  rock 
blocks,  and  loosening  of  wedges  of  rock  on  the  plane  face  occurred  in 
both  tuff  and  granite  cavities. 

Most  of  the  slabbing  and  discontinuous  movement  in  Cavity  III  oc¬ 
curred  on  the  plane  face.  Much  of  the  loosening  was  a  result  of  opening 
of  joints  located  parallel  and  subparallel  to  the  plane  face,  as  described 
in  Section  6.3.  On  the  lower  portion  of  the  plane  face,  observations  in 
old  drill  holes  revealed  that  slight  offsets  had  occurred  along  joint  sur¬ 
faces  located  a  few  feet  behind  the  face .  In  the  lower  right-hand  portion 
of  the  plane  face,  unsupported,  protruding  rock  blocks  located  next  to  the 
plane  face  were  observed  to  move  and  rotate  (Fig.  59).  Fractures  surround¬ 
ing  the  block  opened  as  much  as  3/^  inch.  Adjacent  blocks  were  bolted 
and  did  not  exhibit  movement.  Large  movements  and  rock  failure  were  not 
observed  on  the  curved  surfaces  of  the  cavity.  This  area  was  well  sup¬ 
ported  and  keyed  so  that  loosening  of  rock  blocks  diu  not  occur. 
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Opening  of  joint 


CHAPTER  7 


SUMMARY  AND  CONCLUSIONS 

7.1  PROPERTIES  OF  THE  ROCK 

Stability  and  deformation  in  the  cavities  were  strongly  dependent  on 
the  properties  of  the  rock  mass.  These  properties  can  be  separated  into 
two  components:  the  properties  of  the  intact  portion  of  the  rock  mass, 
which  can  be  determined  from  laboratory  tests  on  small  specimens;  and  the 
properties  of  the  discontinuities  in  the  rock  mass,  which  can  be  inferred 
from  a  quantitative  description  of  the  discontinuities .  The  intact  prop¬ 
erties  provide  an  upper  limit  for  the  strength  and  the  deformation  modulus 
of  the  rock  mass.  For  rock  containing  few  joints  the  in-situ  properties 
may  closely  approach  this  upper  limit.  Discontinuities  in  the  rock  mass 
reduce  the  in-situ  properties  to  some  lower  value. 

Two  of  the  rock  mass  quality  indices  used  to  evaluate  the  character 
of  the  discontinuities  were  the  RQD  and  the  fracture  frequency  (described 
in  Appendix  A).  Seismic  velocity  and  attenuation  characteristics  may  also 
be  used  to  evaluate  discontinuities.  A  relationship  between  the  rock  mass 
quality  indices  and  the  in-situ  deformation  modulus,  Er  ,  has  been  estab¬ 
lished  which  appears  useful  for  obtaining  a  rapid  estimate  of  the  deforma¬ 
tion  characteristics  of  a  rock  mass.  A  rough  estimate  of  the  stability  of 
an  opening  can  be  obtained  by  considering  the  orientation  of  the  major 
discontinuities  with  respect  to  the  orientation  of  the  opening,  as  well  as 
considering  the  rock  mass  quality  indices. 

Properties  ol'  the  Tuff 

The  tuff  in  Cavities  I  and  II  was  a  very  low-strength  rock  of  average 
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modulus  ratio  (cr^^  =  l400  psi,  E+  =  0.5  X  10^  psi).  The  unconfined 
stress-strain  curve  was  linear  to  failure.  The  tuff  had  a  natural 
water  content  of  19$.  When  dried,  the  tuff  became  more  brittle  and  the 
strength  and  modulus  doubled.  The  rock  mass  quality  of  the  tuff  was 
excellent,  and  jointing  was  not  prominent.  Joint  frequency  was  slightly 
higher  in  Cavity  II  than  in  Cavity  I.  Some  bedding  plane  weaknesses 
were  present  in  the  tuff. 

The  in-situ  properties  of  the  tuff  were  similar  to  the  intact 
properties  determined  from  laboratory  tests  on  small  specimens  because 
of  the  low  frequency  of  joints  in  the  tuff.  For  this  reason,  the  in- 
situ  deformation  modulus,  ,  was  assumed  equal  to  the  intact  labora¬ 
tory  modulus,  E^.  .  The  elastic  displacements  predicted  using  this 
modulus  closely  approximated  the  initial  elastic  displacements  which 
occurred  in  the  rock  surrounding  the  tuff  cavities.  In-situ  displace¬ 
ments  which  were  significantly  greater  than  those  predicted  from  the 
laboratory  deformation  modulus  could  usually  be  attributed  to  the  effect 
of  jointing  or  fracturing  in  the  tuff. 

Intact  properties  were  also  used  to  predict  the  fracture  charac¬ 
teristics  of  the  tuff.  The  distribution  and  depth  of  the  extension 
fractures  which  formed  immediately  upon  excavation  of  the  tuff  could  be 
approximated  using  the  intact  strength  parameters  in  the  Mohr-Coulomb 
failure  equations .  (Although  the  Mohr-Coul.omb  equations  were  used  to 
estimate  the  depth  of  fracturing,  they  could  not  predict  the  orienta¬ 
tion  of  the  fractures  parallel  to  the  opening.) 

The  long-term  strength  of  the  tuff  was  affected  by  joints  and  other 
discontinuities  and  therefore  could  not  be  predicted  from  the  intact 
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strength  properties.  The  long-term  strength  is  intermediate  between  the 
intact  strength  (as  an  upper  limit)  and  the  residual  strength  along  a 
smooth  joint  (as  a  lower  limit). 

The  tuff  in  the  cavities  behaved  in  a  brittle  manner;  extension  frac¬ 
tures  formed  immediately  upon  excavation,  and  a  small  bump  (dynamic  release 
of  strain  energy)  occurred  in  the  floor  of  Cavity  I  during  excavation.  The 


time-dependent  movements  which  occurred  in  the  later  stapes  of  excavation 
were  related  to  opening  of  discontinuities  rather  than  creep  of  the  in¬ 
tact  portion  of  the  tuff. 

V 

A  correlation  between  the  seismic  velocity  ratio,  rf—  ,  and  rock  mass 

Pi 

quality  (or  degree  of  fracturing)  was  observed  in  the  tuff.  The  shallow, 
highly  fractured  zones  exhibited  the  lowest  velocity  ratios .  These  zones 
also  had  the  lowest  deformation  modulus.  In  general,  the  tuff  in  Cavity  I 
was  of  higher  in -situ  quality,  had  higher  velocity  ratios,  and  exhibited 
less  discontinuous  movements  than  the  tuff  in  Cavity  II. 

Properties  of  the  Granite 

The  granite  in  Cavity  III  was  a  high-strength  rock  of  average  modulus 
=  27,000  psi,  =  10  X  If/5  psi)  and  fair  to  good  rock  mass 
quality  (RQp  =  75%) .  Joints  in  the  granite  formed  rock-blocks  approximately 
2  feet  on  a  side.  Joints  were  usually  tight.  Gouge  and  weathering  products 
were  present  along  many  faults  and  some  joints. 

The  in-situ  properties  of  the  granite  differed  significantly  from  the 

intact  properties  because  of  the  presence  of  joints  and  faults.  The  in-situ 

deformation  modulus,  ,  was  reduced  to  a  fraction  of  the  intact  modulus, 

E,  ,  in  order  to  account  for  the  effect  of  jointing  in  the  rock  mass.  E 
t  V 

was  assumed  equal  to  0  .h  E^  on  the  basis  of  a  correlation  between  rock  mass 
quality  (lh£D  and  fracture  frequency)  and  E^/E^  established  in  a  granite 
gneiss  at  Dworshak  Damsite  (Appendix  A).  Displacements  predicted  using  this 
modulus  correlated  closely  with  the  actual  displacements  which  occurred  as  the 
granite  cavity  was  excavated. 

Because  of  the  great  difference  between  the  intact  strength  and  the 
joint  strength  of  the  granite,  failures  in  the  granite  almost  invariably 
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occurred  along  preexisting  joint  and  fault  planes.  The  orientation  of  the 
discontinuities,  as  well  as  the  rock  mass  quality,  was  an  important  factor 
affecting  stability. 

Sonic  borehole  logging  was  performed  in  200  feet  of  corehole  in  the 
vicinity  of  the  cavity.  An  approximate  relationship  was  established 
between  rock  mass  quality  and  the  attenuation  of  the  signal  of  the  sonic 
logger  (Appendix  A).  Highly  fractured  zones  transmitted  less  energy  and  there 
fore  showed  greater  attenuation  than  the  more  competent  zones. 

7-2  DISPLACEMENTS 

Rock  displacement  measurements  are  useful  as  a  means  of  evaluating  and 
monitoring  the  stability  of  underground  openings.  Large  displacements, 
or  large  rates  of  displacement  with  respect  to  time  or  excavation  progress, 
are  indicative  of  potentially  unstable  conditions. 

Rock  displacement  in  the  three  cavities  at  the  Nevada  Test  Site  was 
measured  with  two  types  of  borehole  extensometers :  a  single-position 
extens  erne  ter  installed  in  clusters  of  three  or  four  with  anchors  at  varying 
depths  up  to  50  feet;  and  multiple -position,  remote-readout  extensometers 
with  four  to  six  anchors  in  a  single  hole,  at  depths  ranging  from  5  to  50 
feet.  The  multiple  anchors  were  useful  for  determining  the  depth  at  which 
movement  was  occurring  in  the  rock  mass.  Both  extensemeter  types  performed 
satisfactorily;  there  were  no  significant  differences  in  the  type  of  measure¬ 
ments  recorded  by  the  two  types  of  extensometers. 

Observed  displacements  in  the  cavities  were  compared  with  displace¬ 
ments  determined  from  elastic  theory.  Simple  closed  elastic  solutions  for 
displacements  around  spherical  and  cylindrical  openings  and  for  displace¬ 
ments  due  to  uniform  pressures  on  plane  surfaces  were  used  to  predict 


displacements  in  the  cavities.  The  simple  solutions  were  particularly 
useful  for  rapidly  estimating  rock  displacements  during  construction. 

The  boundary  conditions  for  the  cavities  were  much  more  complex  than  the 
boundary  conditions  of  the  simple  solutions;  however,  the  solutions 
yielded  reasonable  results  when  carefully  used. 

Elastic  displacements  around  the  irregular  portions  of  the  cavities 
were  determined  using  a  two-dimensional,  finite  element  computer  solution. 
Nonuniform  stresses  and  an  irregular  cavity  surface  geometry  were  assumed. 
The  displacements  determined  with  the  finite  element  solution  correlated 
closely  with  the  displacements  determined  from  the  simple,  closed  solutions. 

Three  types  of  displacement  were  typically  observed  in  the  cavities. 

The  first  type  was  the  small  displacements  which  occurred  immediately  upon 
removal  of  rock  support  by  excavation  of  the  cavity.  The  displacements 
were  of  the  same  magnitude  as  the  displacements  predicted  from  elastic 
theory,  although  slightly  more  displacement  was  concentrated  in  the  shallow, 
fractured  rock  than  would  be  predicted  from  theory.  The  deformation  modu¬ 
lus  used  in  the  elastic  equations  was  based  on  the  in-situ  characteristics 
of  the  rock  mass  (rock  mass  quality).  The  magnitude  of  the  measured 
surface  displacements  was  approximately  0.2  to  0.5  inch  into  the  tuff 
cavities  and  0.015  to  0.035  inch  into  the  granite  cavity.  Most  of  the 
movement  was  concentrated  within  the  first  20  feet  from  the  surface  of  the 
cavity.  The  elastic  displacements  occurred  regardless  of  the  support  and 
excavation  methods  used.  They  were  indicative  of  a  stable  situation,  re¬ 
quiring  no  corrective  measures . 

The  second  type  was  the  large,  shallow  discontinuous  displacements 
which  indicated  that  loosening  and  slabbing  were  occurring  near  the  surface 
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of  the  opening.  These  movements  usually  occurred  in  the  later  stages  of 
excavation,  after  the  elastic  displacements  had  occurred.  Irregularities 
in  the  rock  surface,  joints  subparallel  to  large  plane  surfaces,  extension 
fractures  and  drying  (in  the  tuff),  loss  of  rock-bolt  tension,  and  stress 
concentrations  beneath  rock-bolt  bearing  plates  were  the  factors  which 
contributed  to  the  shallow  slabbing  in  the  cavities .  The  displacements 
were  concentrated  along  discontinuities  within  5  feet  of  the  surface  of  the 
cavities.  The  magnitude  of  the  displacements  was  1  to  2  inches  in  the  tuff 
and  approximately  0.1  to  0.2  inch  in  the  granite.  The  shallow,  discontinuous 
displacements  occurred  in  the  dome  of  both  tuff  cavities  (Cavities  I  and  II), 
on  the  plane  face  of  Cavity  II,  and  on  the  plane  face  of  the  granite  cavity 
(Cavity  III) .  Loosening  of  shallow  slabs  could  lead  to  a  generally  un¬ 
stable  condition  if  it  were  to  progress  to  the  point  that  the  bearing  of 
the  bolts  against  the  rock  surface  were  lost.  The  loss  of  support  was 
prevented  in  the  tuff  cavities  by  applying  2  inches  of  sand-cement  gunite 
to  the  rock  surface.  No  corrective  measures  were  required  in  the  granite. 

The  third  type  was  the  deep-seated,  discontinuous  displacements  which 
occurred  on  the  plane  face  of  Cavity  II  along  joints  and  bedding  planes 
whose  boundaries  formed  large  wedges  of  potentially  unstable  rock.  The 
displacements  were  concentrated  at  a  depth  of  10  to  30  feet  from  the  sur¬ 
face  and  had  a  magnitude  of  1  to  2  inches.  The  rate  of  movement  was  high; 
most  of  the  displacement  occurred  within  a  period  of  one  week.  The  dis¬ 
placements  were  definitely  indicative  of  an  unstable  situation.  Associated 
with  th  deep-seated  movement  were  the  formation  of  shear  cracks  at  the 
edge  of  the  plane  face,  loosening  of  shallow  slabs  of  rock  on  the  plane 
face,  and  breaking  of  rock  bolts  and  dishing  of  bearing  plates  over  large 
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portions  of  the  plane  face.  Movements  ceased  .and  the  face  was  stabilized 
when  approximately  200  additional  ii8-foot  bolts  were  placed . 

The  elastic  movements  in  the  cavities  were  related  to  the  change  in 
size  of  the  cavity,  the  natural  stresses  in  the  rock  mass,  and  the  defor¬ 
mation  modulus  of  the  rock  mass.  The  discontinuous  movements  in  the  cavi¬ 
ties  were  primarily  controlled  by  the  nature  of  the  support  system,  the 
nature  of  the  joints  and  fractures,  and  the  geometry  of  the  cavity  surface. 

Movements  similar  to  those  observed  in  the  cavities  typically  occur 
in  many  other  types  of  underground  openings,  including  mines,  tunnels,  and 
underground  powerhouses.  In  the  examples  presented  in  the  introduction 
displacements  at  the  surface  of  the  openings  were  often  3  to  10  times  the 
values  predicted  for  the  elastic  displacement  (even  when  using  a  defor¬ 
mation  modulus  which  was  based  on  the  in-situ  rock  mass  quality).  These 
movements  were  discontinuous  and  usually  associated  with  some  definite 
plane  of  weakness.  Because  continuity  is  lost  when  these  displacements 
occur,  a  "deformation  modulus"  has  very  little  meaning.  The  discontinuous 
displacements  most  commonly  occurred  along  reentrant  corners,  on  large 
plane  surfaces,  and  in  places  where  joint  and  wall  geometries  were  such 
that  thin  wedges  of  rock  were  isolated  near  the  surface.  Fault  zones  and 
other  planes  of  weakness  were  often  the  seat  of  large  movements .  Proper 
support  of  these  areas  minimized  the  large  movements. 

In  many  cases,  rock  located  at  some  distance  behind  the  surface  of  the 
opening  was  not  affected  by  the  local  failures  around  the  openings.  The 
measured  displacements  in  this  rock  were  usually  of  the  same  magnitude  as 
the  predicted  elastic  displacements,  using  an  in-situ  deformation  modulus 
in  the  elastic  equations.  (For  rocks  having  an  excellent  rock  mass 
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quality,  the  deformation  modulus  was  assumed  equal  to  the  intact  modulus.) 

Excavation  of  an  opening  involves  a  ^eduction  of  stress  (decompression) 
normal  to  the  surface  of  the  opening,  which  usually  results  in  an  expansion 
of  rock  into  the  opening.  The  rock  mass  is  much  more  likely  to  lose  its 
continuity  in  this  situation  than  in  situations  where  the  rock  is  com¬ 
pressed — where  increasing  pressure  creates  an  increased  interlocking  of  the 
rock  mass.  If  the  continuity  of  a  decompressing  rock  can  be  maintained  by 
proper  support,  the  ''decompressed"  deformation  modulus  will  have  approxi¬ 
mately  the  same  magnitude  as  the  "compressed"  deformation  modulus.  If 
the  support  is  not  maintained,  large  discontinuous  movements--an  order  of 
magnitude  greater  than  predicted  by  the  deformation  modulus — may  occur. 

Some  of  the  shallow  discontinuous  movements  can  be  tolerated,  as  long  as 
rock  falls  and  a  general  loss  of  support  are  prevented.  However,  deep 
movements  which  affect  large  portions  of  the  underground  opening  are  al¬ 
most  invariably  indicative  of  an  unstable  condition  and  must  be  corrected. 
7.3  ROCK  FAILURE 

Failure  in  the  Tuff 

Extension  fracturing  was  the  predominant  type  of  rock  failure  oc¬ 
curring  in  the  tuff.  The  fractures  formed  parallel  to  the  surface  of  the 
opening,  at  a  depth  of  approximately  6  inches  to  3  feet,  as  soon  as  the 
surface  was  exposed.  The  tangential  stresses  surrounding  the  openings 
were  higher  than  the  intact  strength  of  the  rock;  therefore,  extension 
fractures  formed  regardless  of  the  excavation  and  support  procedures  em¬ 
ployed.  However,  opening  of  the  fractures  and  slabbing  of  the  shallow 
fractured  rock  were  minimized  by  prompt  placement  of  rock  bolts. 

In  some  instances,  shearing  displacements  of  approximately  1  inch 
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occurred  along  previously  formed  extension  fractures  on  the  plane  face  of 
Cavity  II  and  in  the  upper  portion  of  both  cavities.  Rock  protrusions 
commonly  exhibited  shearing  displacements  which  were  in  the  direction  of 
the  feathered  edge  of  the  protrusion  (the  direction  in  which  the  fracture 
intersected  the  cavity  surface).  One-inch  shearing  displacements  also  oc¬ 
curred  along  bedding  and  joint  planes  on  the  plane  face  of  Cavity  II,  during 
the  period  when  the  stability  of  the  plane  face  was  endangered. 

Using  seismic  refraction  techniques,  the  depth  of  the  heavily  fractured 
(low  velocity)  zone  surrounding  the  cavities  was  found  -to  range  from  1  to  7 
feet,  and  average  3  feet.  Some  extension  fractures  and  shearing  displace¬ 
ments  were  observed  at  depths  up  to  7  feet. 

Extension  fractures  also  formed  parallel  to  the  surface  of  the  drifts. 
The  fractures  were  concentrated  on  the  side  walls  of  the  drift,  providing 
evidence  that  the  natural  vertical  stresses  in  the  rock  mass  exceeded  the 
natural  horizontal  stresses.  Hairline  fractures  were  located  at  depths 
up  to  3  to  5  feet  behind  the  side  walls,  and  shallow  slabs  (2  to  6  inches 
thick)  formed  and  fell  from  the  sides  of  the  drift. 

The  spacing  of  extension  fractures  was  dependent  on  the  radius  of 
curvature  of  the  surface  of  the  drift.  Around  the  sharp  corners  at  the 
bottom  of  the  drift,  the  fractures  were  shallow  and  closely  spaced.  On 
the  larger  plane  surfaces  at  the  side  of  the  opening,  the  fractures  were 
deeper  and  more  widely  spaced. 

The  fracturing  and  overbreak  which  occurred  in  the  crown  of  the  drift 
were  caused  by  bedding  plane  weakness  and  by  the  gravity  load  of  the  near¬ 
surface  rock. 

The  depth  of  fracturing  in  the  tuff  could  be  approximated  using 


181 


elastic-plastic  relations,  and  a  Mohr-Coulomb  failure  criterion.  However, 
the  orientation  of  extension  fractures  parallel  to  the  surface  of  the  open¬ 
ing  could  not  be  explained  using  a  Mohr-Coulomb  theory.  The  formation  of 
fractures  parallel  to  the  minor  principal  (compressive)  stress  suggests 
that  an  extension  strain  theory  might  apply,  where  the  limiting  strain  is 
reached  when  the  bond  between  particles  is  broken.  This  suggests  that 
the  cohesive  and  tensile  properties  of  the  rock  are  more  important  than 
its  frictional  properties  for  describing  the  occurrence  of  extension 
fractures . 

Failure  in  the  Granite 

Failure  in  the  granite  almost  always  occurred  along  preexisting  joint 
and  fault  planes.  The  stresses  surrounding  the  cavity  were  not  high  enough, 
and  the  rock  was  too  heavily  jointed,  to  allow  extension  fractures  to  form. 

The  orientation  of  joints  and  faults  was  a  major  factor  influencing 
stability.  In  the  cavity,  joints  and  faults  which  paralleled  the  plane 
face  contributed  to  loosening  and  local  slabbing  of  the  near-surface  rock 
on  the  face.  In  the  10-foot  drifts,  the  most  common  condition  affecting 
stability  was  the  fault  zones  which  paralleled  the  drift  and  intersected 
the  crown  of  the  drift.  (Both  low-  and  high-angle  faults  created  this 
condition.)  Light  steel  supports  with  wood  lagging  were  used  to  prevent 
gravity  failures  of  the  loose  rock  in  the  crown.  In  other  portions  of  the 
drift,  good  to  excellent  quality  rock  was  encountered  and  the  only  sup¬ 
port  required  was  a  few  6-foot  bolts  to  pin  occasional  loose  slabs  in  the 
crown. 

Failures  in  Other  Underground  Openings 

Rock  failure  similar  to  the  failures  observed  in  the  cavities  also 
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occurred  in  the  underground  openings  discussed  in  the  introduction.  Many 
of  the  failures  occurred  along  joint  and  fault  surfaces.  Some  of  the  fail¬ 
ures,  however,  were  extension  fractures  which  formed  parallel  to  the  sur¬ 
face  of  the  opening  through  the  Intact  portion  of  the  rock  mass.  The  ex¬ 
tension  fractures  occurred  not  only  in  massive,  unjointed  rocks,  but  also 
in  typically  jointed  rocks,  such  as  granites.  At  these  sites  the  stresses 
surrounding  the  opening  were  apparently  high  enough,  and  the  joint  strengths 
great  enough,  to  force  new  fractures  to  form  through  the  intact  portion  of 
the  rock  mass . 

7.k  ROCK  SUPPORT  • 

Stability  in  the  cavities  was  maintained  using  tensioned  rock  bolts 
placed  in  a  regular  pattern.  Wire  mesh  and,  in  some  cases,  gunite  were 
placed  on  the  rock  surface  to  support  the  loose  rock  between  the  bolts. 

The  purpose  of  the  support  system  was  to  provide  sufficient  restraint  to 
prevent  loosening  and  loss  of  strength  of  the  rock  mass,  leading  to  local 
or  general  instability  of  the  opening. 

The  strength  of  a  rock  mass  is  intermediate  between  the  residual 
strength  along  a  smooth  joint  and  the  intact  strength  of  the  rock.  When 
large  displacements  occur  along  discontinuities,  irregularities  are  over¬ 
ridden  and  interlocks  are  broken,  so  that  the  strength  of  the  rock  mass  is 
reduced  and  tends  to  approach  the  residual  strength  of  the  joint.  One  of 
the  primary  functions  of  the  rock  bolts  is  to  apply  sufficient  pressure 
to  the  rock  surface  to  restrain  the  rock  mass  and  prevent  the  occurrence  of 
large  displacements  with  a  resulting  loss  of  strength.  By  preventing  dis¬ 
continuous  displacements,  a  high  apparent  cohesion  intercept  is  maintained 
in  the  rock  mass.  Rapid  placement  of  the  bolts  is  important  to  prevent 
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initiation  of  the  discontinuous  displacements. 

The  bolts  also  provide  a  confining  pressure  to  the  near-surface  rock. 
Because  of  the  high  friction  angle  of  a  fractured  rock  mass,  the  confining 
pressure  can  sub st suit i ally  increase  the  shearing  resistance  of  the  near¬ 
surface  rock.  The  ability  of  the  rock  surrounding  an  opening  to  fracture, 
decompress,  and  redistribute  high  stresses  into  the  stronger  rock  away 
from  the  opening  is  another  important  factor  influencing  stability.  As 
long  as  the  bolts  are  capable  of  holding  this  fractured  rock  in  place, 
stability  is  maintained. 

Rock  bolts  must  be  capable  of  supporting  two  zones:  (l)  the  fractured 
(decompressed)  rock  surrounding  the  opening  (the  thickness  of  this  zone  can 
be  estimated  from  elastic-plastic  theory;  in  the  cavities  it  was  estimated 
to  be  less  than  10  feet  thick);  and  (2)  any  potentially  unstable  wedge  of 
rock  bounded  by  assumed  or  known  discontinuities.  Rock  bolts  must  be 
long  enough  to  penetrate  these  zones  and  must  apply  sufficient  pressure 
to  the  rock  surface  to  restrain  the  rock  within  the  zones.  The  length  of 
the  bolts  (with  respect  to  the  span  of  the  opening)  and  the  pressure 
applied  by  the  bolts  are  both  dependent  on  the  stresses  in  the  rock  mass 
and  the  strength  of  the  rock  mass  (of  particular  concern  are  the  joint 
strength  characteristics). 

Another  consideration  in  the  design  of  a  support  system  is  the  bearing 
of  the  rock  bolts  on  the  rock  surface  and  the  support  of  the  surface  rock 
located  between  rock  bolts.  Improper  support  at  the  surface  can  cause 
loosening  and  local  fallout  which  could  lead  to  a  general  loss  of  rock- 
bolt  support.  The  bolts  must  be  spaced  closely  enough  to  prevent  failures 
between  bolts;  or  a  continuous  support,  such  as  sand-cement  gunite,  should 
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be  placed  to  support  the  rock  between  bolts . 

Rock  bolts  should  be  tensioned  upon  installation  so  that  discontinuous 
displacements  cannot  be  initiated  in  the  rock  mass.  It  is  most  desirable 
to  completely  grout  the  bolt  after  tensioning  in  order  to  prevent  the  pos¬ 
sible  loss  of  tension  due  to  partial  failure  of  the  bearing  surface  or 
the  anchorage  of  the  bolt. 

The  rock-bolt  pressures  and  lengths  used  in  the  cavities  are  sum¬ 
marized  below; 


Location 

Bolt 

Spacing 

ft 

Pressure 

psi 

Span 

ft 

Bolt 

Length/ 

Span 

Tuff,  dome 

3 

20 

100 

0.33 

Tuff,  curved  surface 

3 

20 

100 

0.25 

Tuff,  plane  face, 

Cavity  I 

6 

5 

140 

0.17 

Tuff,  plane  face, 

Cavity  II 

Prior  to  failure 

6 

5 

140 

0.17 

During  failure 

6 

10 

l4o 

0.17 

After  stabilization 

3 

20 

lUo 

0.33 

Granite,  done 

3 

15 

60 

0.40 

Granite,  curved  surface 

3 

15 

60 

0.27 

Granite,  plane  face 

•6 

k 

80 

0.20 

Because  of  user  requirements,  the 

bolt  design  on 

the  plane 

faces  was 

less  conservative  than  the  design  on  the  curved  surfaces.  In  general,  the 
bolt  length  to  span  ratio  should  be  higher  on  plane  surfaces  than  on 
curved  surfaces,  because  the  plane  surface  does  not  have  the  curvature 
which  provides  additional  support  by  "keying"  the  rock  mass.  Dynamic 
design  requirements  dictated  the  bolt  design  in  the  granite  cavity.  The 
design  was  therefore  more  conservative  than  the  design  in  the  tuff  cavities. 

The  plane  faces  of  Cavities  I  and  II  were  originally  bolted  with  the 
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same  pattern  and  the  same  bolt  lengths.  However,  additional  support  was 
required  in  Cavity  II  because  of  the  large  movements  which  occurred  along 
the  joints  intersecting  the  plane  face.  The  plane  face  of  Cavity  I  did  not 
contain  as  many  joints  and  was  therefore  stable  with  less  support. 

It  is  very  difficult  to  determine  the  magnitude  of  the  pressures  to 
be  applied  to  the  rock  surface  by  the  rock-bolt  system.  The  pressure  is 
strongly  affected  by  the  nature  of  the  discontinuities  and  by  the  amount 
of  displacement  which  will  cause  overriding  of  joint  irregularities.  The 
bolts  provide  stability  to  the  opening  by  maintaining  the  continuity  of  the 
rock  mass.  However,  the  bolt  pressures  required  to  maintain  the  continuity 
cannot  be  determined  solely  frctn  elastic-plastic  or  elastic  continuum 
relations . 

7.5  SUGGESTIONS  FOR  FUTURE  RESEARCH 

Field  Observations 

The  most  valuable  information  concerning  rock  behavior  is  to  be  found 
in  the  field,  where  the  performance  of  full-scale  structures  (rock  foun¬ 
dations,  rock  slopes  and  cuts,  and  underground  openings)  can  be  observed 
and  evaluated.  In  order  for  these  observations  to  be  of  general  applica¬ 
bility  it  is  extremely  important  that  uniform,  quantitative  descriptions 
of  the  engineering  properties  of  the  rock  mass  be  made.  It  is  recommended 
that  the  description  of  a  rock  mass  include  an  evaluation  of  its  intact 
strength  and  modulus,  an  estimate  of  its  degree  of  jointing  using  the 
rock  mass  quality  indices,  and  a  general  description  of  the  rock  type 
and  joint  characteristics  (to  include  a  description  of  the  tightness,  fill¬ 
ing,  weathering,  and  irregularity  along  joints  and  faults). 

Before  the  performance  of  the  structure  can  be  property  evaluated  it 
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is  also  necessary  to  describe  the  geometry  of  the  structure,  the  orientation 
of  discontinuities  with  respect  to  the  orientation  of  the  structure,  the 
natural  stresses  in  the  rock  mass,  and  the  excavation  and  support  pro¬ 
cedures  used  during  construction. 

Displacement  or  deflection  measurements  are  a  valuable  means  of  de¬ 
termining  both  the  deformation  and  the  stability  characteristics  of  a  rock 
mass.  These  measurements  are  relatively  easy  to  obtain  and  interpret,  and 
provide  a  continuing  estimate  of  the  stability  of  the  rock  structure. 

Seismic  tests  are  useful  for  obtaining  an  estimate  of  rock  mass 
quality  and  for  determining  the  location  of  the  fractured  zones  and  other 
velocity  boundaries  in  the  rock  mass.  Both  uphole  and  refraction  surveys 
may  be  used  to  determine  the  depth  of  the  fractured  zones .  Sonic  logging 
is  useful  for  determining  the  location  of  individual  fracture  zones  and 
for  obtaining  a  detailed  estimate  of  rock  mass  quality  in  a  borehole.  Vis¬ 
ual  observation  of  boreholes  is  another  method  of  locating  joints  and 
fractured  zones.  The  borehole  camera  and  the  stratascope  are  used  for 
this  purpose.  Much  information  can  be  obtained  by  observing  fractures 
and  offsets  in  old  boreholes  using  nothing  more  than  a  steel  tape  measure. 

Other  useful  field  tests  include  the  measurement  of  the  loads  applied 
to  the  support  system,  and  the  determination  of  the  initial  state  of  stress 
in  the  rock  mass  using  the  deformation-overcoring  technique. 

Rock  Mass  Quality  Indices 

Further  correlations  between  rock  mass  quality  and  deformation  modu¬ 
lus,  and  rock  mass  quality  and  strength,  need  to  be  made  in  order  to  es¬ 
tablish  and  verify  the  relations  between  these  parameters .  A  correlation 
between  rock  mass  quality  and  deformation  modulus  was  obtained  which  appears 
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to  be  valid  for  predicting  the  deformation  modulus  from  site  to  site. 
Further  field  results  are  needed  to  establish  the  general  validity  of  the 
relationship.  However,  the  correlation  of  rock  mass  quality  with  strength 
and  stability  is  more  difficult  and  has  not  been  established.  One  possi¬ 
ble  means  of  estimating  the  relationship  between  rock  mass  quality  and 
stability  is  to  observe  failure  and  support  of  small  drifts  in  a  rock  mass. 
It  is  very  difficult  to  relate  rock  mass  quality  to  the  strength  of  the 
rock  mass  because  of  the  dependence  of  strength  upon  individual  disconti¬ 
nuities  in  the  rock  mass.  This  is  most  pronounced  in  the  analysis  of 
rock  slope  stability.  In  this  case,  the  residual  strength  and  the  irregu¬ 
larities  along  critically  oriented  joints  are  more  important  for  deter¬ 
mining  stability  than  the  rock  mass  quality. 

Seismic  velocity  and  attenuation  characteristics  are  also  related  to 
rock  mass  quality.  One  of  the  problems  in  using  velocity  as  a  rock  mass 
quality  index  is  the  insensitivity  of  the  velocity  to  fractures  which  are 
water-filled.  Further  study  is  needed  in  order  to  determine  the  effect  of 
saturation  upon  velocity  in  a  jointed  rock  mass.  The  attenuation  and  dis¬ 
persion  characteristics  of  seismic  waves  appear  to  have  premise  as  a  rock 
mass  quality  index.  One  of  the  major  problems  to  be  overcome  is  the  diffi¬ 
culty  in  producing,  receiving,  and  analyzing  the  signal  so  that  variations 
in  test  procedure  are  minimized  and  will  not  affect  the  index  determination. 

In  addition  to  the  seismic  instruments  used  for  research  purposes, 
there  is  a  need  for  portable  tools  which  will  give  reproducible  results 
capable  of  analysis  and  which  can  be  used  in  the  field  to  determine  rock 
mass  quality  characteristics. 
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Failure  in  a  Rock  Mass 


There  is  a  need  for  further  study  of  the  failure  characteristics  of 
a  rock  mass.  This  is  a  difficult  area  of  study  because  failure  is  con¬ 
trolled  to  a  large  extent  by  minor  boundary  effects  and  detailed  charac¬ 
teristics  of  individual  joints. 

Emphasis  should  be  placed  upon  determining  the  relation  of  rock  de¬ 
formation  to  failure.  Deformations  are  often  a  controlling  factor  affecting 
the  strength  of  a  jointed  rock  mass;  furthermore,  they  are  a  quantity 
which  is  relatively  easy  to  measure  in  the  field.  Of  particular  interest 
are  the  deformations  required  to  reach  peak  and  residual  strength  along 
multiple  joint  planes.  A  knowledge  of  the  amount  of  deformation  which  a 
rock  mass  can  undergo  prior  to  failure  will  provide  some  insight  into 
rock  support  requirements. 

The  internal  support  pressure  required  to  restrain  the  rock  mass  and 
maintain  the  stability  of  the  opening  is  one  of  the  major  unknowns  in  the 
design  of  underground  openings.  The  pressure  cannot  be  determined  strictly 
from  continuum  theory,  or  from  any  theory  which  requires  a  complete  knowl¬ 
edge  of  the  rock  properties,  for  the  rock  properties  themselves  are  de¬ 
pendent  on  the  nature  of  the  support  system  and  the  deformations  which 
occur  in  the  rock  mass.  Field  observations  and  model  tests  are  the  best 
sources  of  information  on  support  pressures.  A  series  of  instrumented 
test  sections  in  a  tunnel,  supported  with  bolts  of  varying  length,  spacing, 
and  applied  tension,  would  provide  valuable  information  on  support  require¬ 
ments.  Sections  lacking  adequate  support  would  be  allowed  to  fail.  Measure 
ments  of  bolt  load  and  rock  deformation  would  be  made  during  the  failure 
process.  A  test  such  as  this  might  be  justified  for  a  large  project;  a 


less  expensive  alternative  would  be  model  testing. 

Research  should  be  conducted  to  determine  the  types  of  failure  occur¬ 
ring  around  an  opening  (or  other  rock  structure).  The  factors  controlling 
shear  and  extension  (or  cleavage)  failures  need  to  be  defined.  The  effect 
of  jointinr  upon  rock  failure  should  also  be  studied.  Specifically,  when 
does  failure  occur  along  joints  and  when  is  it  controlled  by  the  intact 
portion  of  the  rock  mass? 

Failure  in  a  rock  mass  is  affected  by  the  rate  of  loading.  I)ynamic 
rates  of  loading  must  be  considered  in  the  design  of  protective  structures 
and  in  the  design  of  openings  subject  to  rockbursts .  The  mode  of  failure 
and  the  strength  of  the  material  are  both  dependent  on  the  rate  of  loading, 
particularly  in  a  jointed  rock.  Information  on  these  effects  is  needed  for 
proper  design  of  openings  to  resist  dynamic  loads . 

Failure  effects  may  be  studied  in  a  number  of  ways .  Continuum 
theories  are  limited  in  their  application,  because  when  rock  failure 
occurs,  the  mass  is  no  longer  a  continuum.  Continuum  theories  may  pro¬ 
vide  useful  information  on  the  stresses  and  deformations  in  a  rock  mass 
prior  to  failure,  but  they  can  not  predict  the  mode  of  failure  or  the  dis¬ 
continuous  effects  occurring  in  a  rock  mass.  The  best  means  of  obtaining 
this  information  is  field  observations  with  supporting  laboratory  and  model 
tests . 

Model  tests  may  provide  a  great  deal  of  information  that  cannot  be 
obtained  in  the  field.  However,  it  is  important  that  model  tests  be  in¬ 
terpreted  in  the  light  of  observed  field  behavior.  Two  types  of  models  are 
of  interest:  (l)  a  model  which  simulates  an  actual  structure  in  a  rock 
mass,  such  as  an  underground  opening,  and  (2)  a  model  which  simulates  a 
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portion  of  a  rock  mass  under  varying  stress  and  information  coniitions. 
such  as  a  direct-shear  test  along  a  single  joint. 

The  first  type  of  model  can  be  relate  1  or  sealed  to  the  prototype  so 
that  the  requirement  for  knowing  all  applicable  parameters  is  not  as  great 
as  for  the  second  type  of  model.  The  second  type  of  model  is  useful  for 
studying  basic  behavior  of  a  rock  mass.  However,  it  is  difficult  to 
relate  this  directly  to  a  field  situation,  where  the  boundary  conditions 
are  not  completely  defined.  This  type  of  test  is  particularly  susceptible 
to  minor  boundary  effects  which  do  not  simulate  the  prototype. 

A  series  of  tests  with  model  openings  would  be  useful  for  studying 
the  deformations  occurring  at  failure,  and  the  support  pressures  re  paired 
to  maintain  stability.  (This  type  of  test  would  not  model  the  gravity¬ 
load  condition.)  The  character  of  the  discontinuities  and  the  intact 
properties  of  the  model  rock  mass  can  be  varied  to  determine  their  effect 
on  the  mode  of  failure  and  the  stability  of  the  opening.  The  rock  mass 
quality  of  the  model  could  be  evaluated  by  methods  similar  to  those  used 
in  the  field.  Rapid  loading  of  the  model  may  prove  feasible  for  deter¬ 
mining  its  stability  under  dynamic  conditions . 

A  natural  continuation  of  the  study  of  model  joints  would  be  the 
study  of  a  multiple  joint  system,  or  a  rock-block  model.  The  loading 
of  this  model  would  be  much  more  complex  than  the  loading  conditi-  us  r  a 
single  joint  system. 

Laboratory  tests  on  intact  specimens  to  determine  strength  and  iegor- 
mation  properties  under  varyinr  confining  pressures  and  rut<  s  of  loading 
will  also  provide  information  on  rock  failure.  Strain  rat1'  tests  on 
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samples  with  single  joints  would  be  useful  for  determining  dynamic  failure 
effects  in  a  rock  mass. 

Finite  Element  Method 

The  finite  element  method  is  useful  because  of  its  general  applica¬ 
bility  to  a  wide  range  of  boundary  conditions  and  material  properties .  The 
solutions  are  useful  for  comparing  continuum  stress  and  deformation  be¬ 
havior  with  the  real  behavior  of  a  given  rock  structure .  The  finite  ele¬ 
ment  method  promises  to  be  able  to  handle  a  variety  of  stress-strain  and 
failure  criteria.  For  example,  it  may  be  ppssible  to  cause  extension 
fractures  to  form  by  applying  some  limiting  strain  criterion  to  the  be¬ 
havior  of  the  medium.  To  simulate  cracking  or  loosening  of  the  rock  mass, 
the  strength  and  deformation  properties  can  be  reduced  when  the  initial 
strength  of  the  rock  mass  is  exceeded.  Solutions  of  this  type  depend 
heavily  on  field  and  laboratory  observations  for  information  on  the  mate¬ 
rial  properties  to  be  used  in  the  equations. 

Care  must  be  taken  in  attempting  to  make  a  finite  element  (continuum) 
solution  approximate  the  discontinuous  behavior  of  a  real  rock  mass.  Al¬ 
though  the  theory  may  be  able  to  handle  some  of  the  anisotropic  properties 
of  a  jointed  rock  mass,  it  is  difficult  to  make  it  handle  the  discon¬ 
tinuous  movements  along  joint  surfaces,  which  are  often  a  controlling 
factor  in  rock  mass  behavior. 
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APPENDIX  A 


ROCK  MASS  PROPERTIES 


A.l  INTRODUCTION 

To  properly  evaluate  the  performance  of  a  structure  in  a  rock  mass 
and  to  relate  performance  from  one  site  to  another,  an  accurate  description 
of  the  in-situ  properties  of  the  rock  mass  must  be  made.  These  properties 
•will  be  suitable  as  an  index  of  rock  mass  behavior  if  they  are  simple, 
quantitative,  easily  obtained  from  exploratory  information,  and  related  to 
the  significant  engineering  properties  of  the  rock  mass.  These  criteria 
are  satisfied  by  the  rock  mass  quality  indices  developed  and  used  during 
the  exploration  and  construction  of  the  three  cavities.  The  indices  aided 
in  finding  a  suitable  location  for  Cavity  III  (in  the  granite),  and  aided 
in  estimating  the  strength  and  deformation  characteristics  of  the  rock 
surrounding  all  three  cavities.  During  construction,  several  methods  were 
used  to  determine  rock  mass  quality.  The  rock  mass  quality  indices  thus 
determined  were  compared  with  the  observed  behavior  of  the  rock  around  the 
cavities. 

Rock  mass  properties  can  be  separated  into  two  components:  the  pro¬ 
perties  of  the  intact  portion  of  the  rock  mass,  which  can  be  determined 
from  laboratory  tests  on  small  specimens;  and  the  properties  of  the  dis¬ 
continuities  in  the  rock  mass,  which  can  be  inferred  from  a  quantitative 
description  of  the  discontinuities.  The  intact  properties  establish  an 
upper  limit  for  the  strength  and  deformation  characteristics  of  a  rock 
mass.  Discontinuities  in  the  rock  mass  reduce  these  properties  to  some 
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lower  value.  For  rock  containing  few  joints,  the  in-situ  properties  may 
closely  approach  the  intact  properties. 

Simple  laboratory  tests  on  a  variety  of  rock  types  were  j  erfoir  o  l  at 
the  University  of  Illinois  (Miller  and  Deere,  1  )6rf )  in  order  t<  establish 
index  properties  for  intact  rock.  A  classification  based  on  the  strength 
and  modulus  of  specimens  tested  in  unconfined  com:  rossion  was  developed. 
Other  properties,  such  as  tensile  strength,  tri axial  strength  (j(  anl  •), 
unit  weight,  baldness,  sonic  velocity,  aril  water  content,  are  useful  for 
obtaining  a  more  complete  picture  of  the  intact  characteristics  of  the 
rock . 

The  properties  of  the  discontinuities  cannot  be  easily  determined 
from  direct  tests;  however,  quantitative  inscriptions  of  the  discontin¬ 
uities  can  be  used  as  index  properties  if  relations  can  be  established 
with  the  observed  rock  mass  behavior.  lock  mass  quality  indices  were 
developed  which  quantitatively  describe  the  character  of  the  dis¬ 
continuities  in  the  rock  mass  (Deere,  Hendron,  Patton,  and  Cording,  ifC i). 
Two  of  the  indices  are  the  Rock  Quality  Designation  (RQD)  and  fracture 
frequency,  described  in  Section  A. 3.  Seismic  velocity  and  attenuation 
characteristics  can  also  be  used  to  estimate  rock  mass  quality. 

An  approximate  relation  between  seismic  refraction  velocity  and 
rock  mass  quality  was  obtained  in  the  tuff  cavities  (described  in 
Charter  2).  A  correlation  between  the  amplitude  of  the  signal 
of  a  sonic  logger  and  rock  mass  quality  was  established  in  the  granite 
(Cavity  III)  and  is  described  in  Section  A.j. 

A  correlation  between  rock  mass  quality  anl  deformation  modulus  was 
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established,  at  Dworshak  Damsite,  Idaho.  It  was  found  that  jointing  re¬ 
duced  the  in- situ  deformation  modulus  to  some  fraction  of  the  intact 
modulus.  This  relation  was  used  to  estimate  the  deformation  modulus  in 
the  granite  cavity  (Cavity  III). 

The  correlation  between  rock  mass  quality  and  in- situ  strength  is 
not  as  easily  obtained.  The  in-situ  strength  has,  as  an  upper  limit,  the 
intact  strength  of  a  specimen,  and,  as  a  lower  limit,  the  residual  strength 
along  a  smooth  joint  plane.  However,  the  actual  strength  is  dependent  on 
the  orientation  of  joints  and  the  amount  of  displacement  occurring  along 
the  joints. 

In  this  appendix,  most  of  the  emphasis  is  placed  upon  the  cavity  in 
granite,  because  its  behavior  was  very  dependent  upon  the  properties  of 
the  jointed  rock  mass,  which  could  be  determined  only  in  the  field.  The 
behavior  of  the  cavities  in  the  relatively  unjointed  tuff  could  be  pre¬ 
dicted  to  a  large  extent  by  means  of  its  intact  properties,  as  described  in 
Chapter  2. 

A. 2  INTACT  PROPERTIES  OF  THE  GRANITE 

Unconfined  compression  tests  were  performed  at  the  University  of 
Illinois  on  NX  core  samples  taken  from  hole  U-i ,  at  the  center  of  the 
plane  face  of  Cavity  III .  (Cavity  III  was  located  at  a  depth  of  350  feet 
in  the  Climax  Stock,  which  is  predominantly  a  quartz  monzonite.)  Four 
tests  were  performed  on  unweathered  specimens;  and  two  tests  were  per¬ 
formed  on  slightly  weathered  specimens  taken  from  a  zone  bounded  by 
iron-stained  joints.  Sonic  compressional  pulse  velocity  measurements 
were  made  while  the  specimens  were  axially  loaded  between  0  and  5000  psi. 
After  the  load  was  cycled  to  5000  psi,  the  pulse  transducers  were  removed 
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and  the  specimens  were  loaded  to  failure.  Test  results  are  summarized  in 
Table  A.l.  Typical  stress-strain  behavior  is  shown  in  Pigs.  A.l,  A. 2, 
and  A. 3. 

The  velocity  tests  proved  useful  for  determining  the  quality  of  the 
core  samples.  Two  of  the  specimens  exhibited  almost  no  velocity  change  as 
they  were  loaded  from  0  to  5000  psi.  These  samples  were  unweathered  and 
uncracked  and  had  a  high  strength.  As  the  weathered  samples  and  the 
cracked  samples  were  loaded,  the  velocity  increased  from  an  initial  low 
value.  The  increase  can  be  attributed  to  the  closure  of  microcracks  under 
the  increased  axial  load  applied  to  the  specimens .  As  a  result  of  the  crack¬ 
ing,  the  strength  of  these  specimens  was  lower  than  the  strength  of  the  un¬ 
weathered  specimens. 

Even  though  the  strength  varied,  the  modulus  of  all  four  of  the  un- 

6 

weathered  specimens  was  quite  consistent,  ranging  from  10.1  X  10  psi  to 

6 

11.0  X  10  psi.  The  slight  cracking  which  occurred  in  two  of  the 
specimens  did  not  affect  the  modulus.  However,  the  modulus  of  the 
weathered  specimens  was  decreased  in  proportion  with  its  strength,  below 
the  values  determined  for  the  unweathered  specimens. 

Samples  from  the  Climax  Stock  were  also  tested  by  the  Missouri 
River  Division  Laboratory  of  the  Corps  of  Engineers  (1964).  Quartz  monzonite 
NX  core  samples  were  taken  from  a  depth  of  1000  feet  in  the  Stock.  Young's 
modulus  in  unconfined  compression  was  the  same  as  the  modulus  determined 
for  the  Cavity  III  samples,  but  the  strength  was  slightly  higher  than  the 
strength  of  the  Cavity  III  samples. 

Triaxial  tests  were  performed  on  intact  specimens  and  on  specimens 
with  natural  and  sawed  joints.  (The  upper  limit  of  the  rock  mass  strength 
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INTACT  PROPERTIES,  QUARTZ  MDNZONITE,  CAVITY  III,  HOLE  U-4,  UNCONFIHED  COMPRESSION  TESTS 
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Fig.  A.l.  [typical  unconfined  stress-strain  behavior; 
intact  granite  specimen 


Fig.  A. 2.  Typical  unconfined  stress-strain  behavior; 
unweathored,  slightly  cracked  gr finite 
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Fig.  A. 3.  lypical  unconfined  stress-strain  behavior; 
slightly  cracked  granite  specimen 
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is  determined,  by  the  strength  of  the  intact  specimen,  the  lower  limit  by 
the  strength  along  the  sawed  joint.)  Direct  tension  tests  were  also 
performed;  the  results  are  summarized  in  Table  A. 2.  The  strength  and 
modulus  determined  from  the  unconfinei  compression  tests  on  the  Climax 
Stock  quartz  monzonite  have  been  plotted  in  Fig.  A.  4,  on  the  Engineering 
Classification  for  Intact  Rock  chart  developed  by  Miller  and  Deere  (1967). 

With  less  cracking,  the  strength  of  the  unweathered  quartz  monzonite 
samples  is  increased,  but  the  modulus  remains  constant;  therefore,  the 
progression  of  data  points  is  horizontal  across  the  chart,  from  a  high 
modulus  raoio  (for  the  cracked,  medium-strength  samples  from  Cavity  III) 
to  an  average  modulus  ratio  (for  the  uncracked,  high-strength  samples 
from  the  1000-foot  depth).  The  unweathered,  uncracked  samples  were  con¬ 
sidered  representative  of  the  intact  properties  of  the  granite  in  the 
vicinity  of  Cavity  III.  The  rock  was  classified  as  a  high-strength  rock 
of  average  modulus  ratio. 

Average  values  of  strength  and  modulus  for  tuff  samples  are  also 
plotted  on  the  chart.  The  intact  tuff  is  described  as  a  very  low- 
strength  rock  of  average  modulus  ratio. 

A. 3  ROCK  MASS  PROPERTIES  OF  TjIE  GRANITE 

Development  of  Rock  Mass  Quality 

Indices  During  Exploration  for  Cavity  III 

During  the  initial  exploration  for  the  cavity  site,  a  Rock  Quality 
Designation  (RQD)  was  proposed  by  Deere  (1964)  as  a  means  of  determining 
rock  mass  quality  from  the  study  of  rock  core.  The  RQD  is  a  modified  core 
recovery  percentage  in  which  only  the  pieces  of  sound  core  over  4  Indies 
in  length  are  counted  as  "recovery."  The  smaller  pieces  are  considered 
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TABLE  A. 2 


LABORATORY  TESTS,  QUARTZ  MONZOfUTF. , 
MISSOURI  RIVER  DIVISION  LABORATORY, 
U.  S.  ARMY  :orps  or  eusiijeers 


Porosity,  0.201'' 

Natural 

Unit  Weight, 

.  166  pcf 

Type  of  Test 

Et  6 

psi  X  10 

Poisson's 

Ratio 

n 

Ultimate  f 
Strength 
psi 

’train  at 
Failure 

ef  •  C 

Direct  tension  (8  tests) 

8.5 

-  - 

1,450 

0,  u20 

Unconfined  compression  (7  tests) 

10.4 

0.27 

30.500 

0.30 

Triaxial  compression  ( approximately 

6  tests  at  each  confining  pressure) 

150  psi 

11.7 

-- 

32,700 

0.33 

450  psi 

11.7 

-- 

36.300 

0.37 

1350  psi 

11.4 

46,050 

O.58 

°ult  ( unc  onf ined )  _ 

T(  tensile  strength) 

ET/ault  =  340  (Modulus  Ratio) 

^(  sawed  joint)  =  28° 

^(natural  joint)  =  31° 

^(intact)  =  50'’  (for  range  of  confining  pressure:  150  to  135°  psi) 
C(  intact)  =  4000  psi 


2 


PSI  X  10 


a 

u 

v 

O 

x. 


ie 


4 


I 


0.9 


0.29 


J _ I _ I _ I _ I _ 1 _ L_ 

75  12  9  290  900  1000  2000  4000  KG /CM 

UNIAXIAL  COMPRESSIVE  STRENGTH,^  (uLt) 


TUFF  note:  Ef  ■TANGENT  MODULUS  AT  90*7* 

□  AIR  DRY  ULTIMATE  STRENGTH. 

O  NATURAL  WATER  CONTENT 

QUARTZ  MONZONITE 

•  CAVITY  m, UNWEATHERED 
■  CAVITY  IS, WEATHERED 
A  1000' DEPTH, UNWEATHERED 

Fig .  A.H.  Engineering  classification  for  intact  rock 
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to  bo  Jue  to  close  shearing,  jointing,  faulting,  or  weathering  in  the  rock 
mass.  The  KQD  provided  a  preliminary  estimate  of  the  variation  of  the 
in-situ  rock  properties  from  the  properties  of  a  ’’  ound"  portion  of  the 
rock  core.  Thus,  a  general  estimate  of  the  engin>  ering  behavior  of  the 
rock  maos  could  be  made. 

A  proposed  correlation  of  RQD  with  a  qualitative  description  of  rock 
mass  quality  is  as  follows: 


ROD 

Description 

I 

100-90$ 

Excellent 

II 

75-90$ 

Good 

III 

50-75$ 

Fair 

IV 

25-50 $ 

Poor 

V 

0-25$ 

Very  poor 

The  results  obtained  with  the  ROD  in  the  initial  exploration  of  the 
cavity  compared  closely  with  a  system  developed  at  the  same  time  by 
Ege  (1965)  which  rated  the  core  on  the  basis  of  fracture  frequency,  core 
recovery,  degree  of  weathering,  and  competency  based  on  hardness  and  degree 
of  breakage. 

The  rock  mass  quality  estimates  described  abo/e  were  used  to  locate 
a  zone  of  high-quality  rock  which  would  not  create  support  problems  during 
the  construction  of  the  cavity.  Exploratory  NX  core  holes  were  drilled 
from  the  surface,  and  the  rock  mass  quality  was  determined.  One  site  was 
rejected  because  the  rock  was  heavily  jointed  and  weathered  (the  rock  mass 
quality  was  poor  to  fair). 

At  the  second  site,  the  NX  core  indicated  that  the  proposed  cavity 
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location  was  in  a  zone  having  a  good  rock  mass  quality 
the  variation  of  rock  mass  quality  at  this  site. 

Determination  of  Eock  Mass  Quality- 
Indices  During  Construction  of  Cavity  III 


rig.  snows 


During  excavation  of  Cavity  III,  rock  mass  quality  was  determine  1  by 
logging  along  lines  on  the  surface  of  the  openings,  as  well  as  by  logging 
of  the  NX  core.  (The  rock  mass  quality  determined  in  the  cavity  is  pre¬ 
sented  in  Fig.  A. 6.)  Average  RQD  valuer,  obtained  from  the  NX  core  compared 
closely  with  the  values  obtained  along  the  surfaces  of  the  drift  and  the 
cavity  (refer  to  Tables  A. 3  and  A. 4).  During  logging  along  the  walls  of 
the  opening,  the  rock  mass  quality  was  found  to  be  al lected  by  the  orien¬ 
tation  of  the  walls  with  respect  to  the  orientation  of  the  predominant 
joint  systems.  Rock  mass  quality  was  higher  when  measured  on  walls 
parallel  to  the  joint  system  (RQD  =  85$)  than  when  measured  across  the 
joint  system  (RQD  =  63$).  The  average  RQR  for  all  orientations  of  the 
wails  was  73$.  An  average  RQD  of  75$  was  determined  from  the  study  of 
the  NX  core.  The  core  was  obtained  from  four  50-foot  holes  drilled  per¬ 
pendicular  to  the  predominant  joint  system,  on  the  plane  face  of  Cavity 
III.  (Core  taken  parallel  to  the  jointing  will, often  exhibit  a  low  rock 
mass  quality;  when  the  core  hole  intersects  a  parallel  fracture,  exces¬ 
sive  breakage  may  occur  as  the  fracture  is  loosened  and  the  rock  is 
broken  by  the  rotating  core  barrel.) 

Fracture  frequency  and  the  RQD  are  closely  related,  particularly  for 
a  rock  mass  degraded  by  fracturing  alone.  The  correlation  between  RQD 
and  fracture  frequency  is  shown  in  Fig.  A. 7.  The  NX  core  was  obtained 
from  four  different  sites,  in  four  different  rock  types.  The  figure  shows 
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Fig.  A. 6.  Rock  mass  quality  in  Cavity  III 


TABLE  A. 3 


ROCK  QUALITY  IN  GRANITE;  DRIFT  AND  CAVITY  SURFACES 


Direction  with 


Location 

Respect  to 
Jointing 

Fracture  Frequency 
fracture s/ft 

RQD 

J_ 

Classification 

Line  1 

Perpendicular 

Drift,  Station  1+50 

3-3 

62 

III 

Line  £ 

Perpendicular 

2.7 

77 

II- III 

Line  3 

Parallel 

2.3 

8i 

III 

Line  4 

Perpendicular 

Drift,  Station  2+00 

2.7 

69 

III 

Line  5 

Parallel 

1.0 

95 

I 

Average 

Perpendicular 

2.9 

69 

III 

for  drift 

Parallel 

1.6 

88 

II-I 

Average 

2.2 

78 

II 

70°-110° 

Cavity,  Horizontal  Section  I 

Parallel  1.4 

90 

I 

130°- 220° 

Perpendicular 

2.9 

69 

III 

220°- 290° 

Parallel 

2.3 

76 

II 

290°-300° 

Parallel 

3.0 

44 

IV 

Average 

2.3 

71 

III- II 

70°-90° 

Cavity,  Horizontal  Section  II 

Parallel  1.8 

93 

I 

90°-120° 

Parallel 

2.4 

67 

III 

120°- 170° 

Perpendicular 

3.6 

58 

III 

170°-l80° 

Perpendicular 

1.5 

96 

I 

190°- 340° 

Parallel 

1.7 

92 

I 

o°-6o° 

Perpendicular 

3-5 

56 

III 

20°-30° 

Perpendicular 

>6.0 

10 

V 

— 

— 

Average  for 

Section  II 

Parallel 

2.0 

82 

II 

Perpendicular 

3-7 

54 

III 

Average 

2.8 

68 

III 

Average;  drift 
and  cavity 

surface 

Parallel 

1.8 

85 

II 

Perpendicular 

3.2 

63 

III 

Average 

2.5 

73 

III- II 
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TABLE  A. 4 

ROCK  QUALl.iT  IE  GRANITE;  CORE  HOLES 


Core  Hole 

Fracture.  Frequency 
Fracture s/ft 

ROD 

rif 

Classification 

U-l,  0-24' 

3.5 

G'l 

III 

U-l,  24-50' 

1.7 

90 

I-II 

U-l,  average 

2.6 

78 

II-III 

U-2,  average 

70 

III 

U-3,  average 

75 

II-III 

U-4,  average 

7  6 

II-III 

Average  all 

core  holes 

75 

III-II 

Note:  Core  holes  are  located  at  center  of  plane  face,  perpendicular  to 
predominant  joint  system. 
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ROCK  QUALITY  DESIGNATION, 


FRACTURE  FREQUENCY,  FRACTURES/FOOT 


legend 


CLIMAX  STOCK 


0  TUNNEL  WALL,  ACROSS  JOINTS  •  DWORSHAK  GRANITE  GNEISS 

A  TUNNEL  WALL,  PARALLEL  TO  JOINTS  A  JOHN  DAY  BASALT 

□  NX  CORE  ■  HACKENSACK  SILTSTONE 


Fig.  A. 7.  Correlation  of  rock  quality  designation  and  fracture  frequency 
(see  also  Deere,  Hendron,  Patton,  and  Cording,  1967 ) 


that  an  RQD  of  100$  correlates  with  a  fracture  frequency  of  approxi¬ 
mately  one  fracture  per  foot,  and  that  RQD's  near  zero  are  comparable  to 
fracture  frequencies  of  5  and  6  fractures  per  foot .  Fracture  frequencies 
greater  than  6  have  very  little  additional  significance;  they  are  assumed 
equal  to  6  on  the  plot . 

The  RQD  is  a  more  general  estimate  of  core  quality  than  the  fracture 
frequency.  In  addition  to  fracturing,  the  KQD  also  evaluates  weathered 
zones,  very  soft  or  unsound  rock,  and  core  loss.  Thus,  in  rock  contain¬ 
ing  these  zones,  the  RQD  is  a  better  means  of  estimating  the  overall 
quality  of  the  rock  mass  than  the  fracture  frequency. 

ROD  and  fracture  frequency  evaluate  fractures  in  the  core  caused  by 
the  drilling  process,  as  well  as  natural  fractures  previously  existing  in 
the  rock  mass.  For  example,  when  the  core  hole  penetrates  a  fault  zone 
or  a  joint,  additional  breaks  may  form  which,  although  not  natural 
fractures,  are  caused  by  the  natural  fractures  and  weaknesses  existing  in 
the  rock  mass.  These  breaks  should  be  included  in  the  estimate  of  rock 
quality.  However,  some  fresh  breaks  occur  during  drilling  and  handling 
of  the  core  which  are  not  related  to  the  quality  of  the  rock  mass.  The 
ability  of  the  driller  will  affect  the  amount  of  breakage  and  core  loss 
which  occurs.  Poor  drilling  techniques  will  "penalize"  the  rock  by  low¬ 
ering  its  apparent  quality. 

It  is  difficult  to  distinguish  between  drilling  breaks  and  those 
natural  and  incipient  fractures  which  reflect  the  quality  of  the  rock 
mass.  In  certain  instances  it  may  be  impossible  to  distinguish  between 
the  natural  fractures  and  the  drilling  breaks.  In  this  case,  it  may  be 
necessary  to  include  all  fractures  when  estimating  the  RQD  and  fracture 
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frequency.  Obviously,  some  judgment  is  involved  in  the  core  logging. 

Similarly,  during  logging  along  the  surface  of  an  opening,  both 
natural  fractures  and  the  fractures  induced  by  excavation  should  be 
counted  in  the  determination  of  RQD  or  fracture  frequency. 

It  should  be  noted  that  fracture  frequency  is  not  equivalent  to  the 
average  frequency  of  joints  in  a  given  joint  system.  For  instance,  in  the 
granite,  the  joint  spacing  was  approximately  1  to  2  feet,  while  the  frac¬ 
ture  frequency  was  approximately  2.5  fractures  per  foot. 

Another  difficulty  in  the  use  of  the  HQP  and  fracture  frequency  is 
that  they  are  not  very  sensitive  to  the  degree  of  openness  of  individual 
joints,  whereas  in  some  instances,  the  in-situ  deformation  modulus  may 
be  strongly  affected  by  the  openness  of  the  joints.  In  certain  instances, 
it  may  be  advisable  to  account  for  the  openness  of  joints  by  decreasing 
the  RQP. 

Correlation  of  Rock  Mass 

Quality  and  Sonic  Logging  Test  Results 

Rock  mass  quality  can  also  be  determined  from  seismic  tests.  The 
correlation  of  velocity  with  the  rock  mass  quality  in  the  tuff  is  de¬ 
scribed  in  Chapter  3*  The  attenuation  and  dispersion  of  a  seismic  signal 
have  also  been  suggested  as  an  index  for  evaluating  rock  mass  quality. 

A  simple  attenuation  method  was  used  during  sonic  logging  of  8-inch- 
diameter,  water-filled  boreholes  in  the  granite  cavity.  The  logging  was 
performed  in  order  to  determine  the  location  of  fault  and  fracture  zones 
behind  the  plane  face  of  the  cavity. 

The  tests  were  performed  by  Welex  using  an  Otis  Model  303  Sonic 
Logging  Instrument  consisting  of  a  transmitter  and  receiver  spaced 


216 


50.5  inches  apart.  Centering  of  the  tool  in  the  8 -inch -diameter  holes  was 
accomplished  with  spring-steel  centralizers  attached  to  each  end  of  the 
tool.  Prior  to  testing,  the  holes  were  plugged  at  their  lower  end  and 
filled  with  water;  this  provided  acoustic  coupling  of  the  logging  tool  to 
the  rock  surface.  The  tests  were  performed  by  pushing  the  tool  to  the  bot 
tom  of  the  water-filled  hole,  then  pulling  it  to  the  surface,  stopping 
every  foot  to  pulse  the  sonic  tool  and  obtain  a  response-time  record. 

The  amplitudes  of  the  signal  recorded  on  each  response-time  record 
were  determined.  The  amplitudes  obtained  at  the  different  depths  were 
then  compared.  (A  constant  energy  input  was  maintained  during  the  test¬ 
ing  in  the  boreholes,  permitting  a  comparison  of  amplitudes  from  different 
depths . )  The  amplitude  of  the  signal  correlated  well  with  the  quality  of 
the  NX  core  taken  from  the  same  location  (Fig.  A. 8).  The  regions  of  low 
energy  return  are  indicative  of  fault  or  fracture  zones  in  the  rock. 

Correlation  of  Rock  Mass 

Quality  with  Stability  of  an  Opening 

During  the  exploration  for  Cavity  III,  the  rock  maos  quality  indices 
were  used  to  locate  zones  where  the  rock  maos  properties  would  be  favor¬ 
able  for  underground  construction.  The  primary  concern  was  that  the 
cavity  would  be  stable  without  causing  excessive  support  problems.  Thus, 
in  a  general  way,  the  quality  indices  were  used  to  estimate  the  strength 
properties  of  the  rock  mass. 

During  excavation  of  the  10-foot  drifts,  support  was  required  when 
fault  sets  paralleled  the  drift  and  intersected  the  crown  of  the  cavity. 
Light  steel  sets  with  wood  logging  were  used  to  support  the  loose, 
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Fig.  A. 8. 


Correlation  of  sonic  log  amplitude  and  rock  mass  quality  indices 
(see  also  Deere,  Hendron,  Patton,  and  Cording,  1967) 


gravity- loaded  rock  in  the  crown.  In  the  immediate  vicinity  of  the  faults, 
rock  mass  quality  was  poor  to  very  poor.  In  zones  of  good  to  excellent 
rock,  the  only  supports  required  were  a  few  6-foot  bolts  to  pin  occasional 
loose  slabs.  Thus,  it  can  be  seen  that  an  approximate  correlation  exists 
between  rock  mass  quality  and  stability  of  an  opening.  However,  the  orien¬ 
tation  of  the  discontinuities  with  respect  to  the  orientation  of  the  open¬ 
ing  is  also  an  important  factor  affecting  stability. 

In  attempting  to  relate  rock  mass  quality  to  the  stability  of  an 
opening  it  must  be  realized  that  stability  is  not  a  rock  mass  property, 
but  a  combination  of  the  boundary  conditions  around  the  opening  (the  state 
of  stress,  and  the  geometry  of  the  opening  and  the  supports)  and  the 
strength-deformation  properties  of  the  rock  mass. 

Correlation  of  Rock  Mass 

Quality  with  Defoliation  Modulus 

Rock  mass  quality  indices  can  be  used  to  obtain  a  preliminary  estimate 
of  the  deformation  modulus  of  a  rock  mass.  The  deformation  modulus  of  the 
granite  was  some  fraction  of  its  intact  modulus;  this  fraction  was  related 
to  the  degree  of  jointing  in  the  rock  mass--the  rock  mass  quality. 

The  magnitude  of  the  deformation  modulus  in  the  granite  was  determined 

using  a  correlation  between  deformation  modulus  and  rock  mass  quality 

established  at  Dworshak  Damsite,  Idaho.  For  the  average  RQD  of  75$, 

the  deformation  modulus,  ,  in  the  granite  was  estimated  to  be  0.4  times 

the  intact  modulus,  E.  .  (Therefore,  E  =  4  X  10^  psi.) 

u  r 

The  correlation  between  rock  mass  quality  and  deformation  modulus  at 
Dworshak  Damsite  is  described  in  Section  A. 4. 
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A. 4  CORRELATION  OF  ROCK  MASS  QUALITY  AND 

DEFORMATION  MODULUS  AT  DWORSHAK  DAMSITE 

A  comparison  of  rock  mass  quality  indices  and  deformation  modulus  was 
made  at  Dworshak  Damsite,  Orofino,  Idaho,  located  in  a  high-strength 
granite  gneiss  of  excellent  rock  mass  quality.  The  quality  indices  pro¬ 
vided  a  means  of  explaining  the  variations  in  deformation  modulus  obtained 
from  plate  jack  tests  performed  at  the  site.  A  correlation  between  rock 
mass  quality  and  deformation  modulus  was  obtained  and  was  used  to  predict 
the  in- situ  deformation  modulus  in  the  granite  of  Cavity  III,  at  the 
Nevada  Test  Site. 

A  total  of  24  vertical  and  horizontal  plate  jack  tests  were  performed 
in  unlined  adits  in  the  rock  abutments  of  the  dam  by  Shannon  and  Wilson, 
Inc.,  for  the  U.  S.  Army  Corps  of  Engineers,  Walla  Walla  District  (Monahan 
and  Sibley,  1965).  The  tests  were  performed  using  34 -inch -diameter 
Freyssinet  pressure  pads  to  provide  a  uniform  pressure  on  the  rock  surface. 
Both  surface  deflections  and  the  deflections  of  buried  extensometers 
(Carlson  jointmeters)  were  recorded.  The  buried  extensometers  extended 
from  approximately  1  or  2  feet  to  18  feet  beneath  the  surface.  Elastic 
theory  was  used  to  determine  the  deformation  modulus  from  the  pressure- 
deflection  relations  for  both  surface  and  buried  gages.  Twenty  feet  of 
NX  core  was  obtained  from  beneath  each  jack  test  location.  Unconfined 
compression  tests  were  performed  on  the  intact  core  specimens  (Monahan, 
1964;  Shannon  and  Wilson,  Inc.,  1964). 

Fracture  frequency  and  RQD  have  been  determined  from  the  NX  core 
and  compared  with  the  plate  jack  deformation  modulus.  For  each  jack 
test,  the  secant  deformation  modulus  for  the  complete  loading  cycle  to 


220 


1000  psi  has  been  used.  Separate  moduli  were  determined  for  the  surface 
and  the  buried  deflection  gages. 

The  near-surface  fractures  were  more  highly  stressed  and  had  a  much 
greater  effect  on  the  deflection  of  the  plate  than  the  deeper  fractures . 
Therefore,  in  order  to  compare  the  rock  mass  quality  indices  with  the 
corresponding  plate  jack  deformation  modulus,  it  was  necessary  to  weight 
the  quality  indices  by  the  Boussinesq  stress  distribution  beneath  the 
plate.  Fig.  A.  9  shows  the  variation  in  the  quality  indices  with  depth 
beneath  one  of  the  plate  jacks,  and  illustrates  the  weighting  technique 
used.  The  weighted  RQD  for  the  buried  gage  was  85$,  corresponding  to 
a  deformation  modulus  of  6.0  x  10^  psi.  For  the  surface  gage  determina¬ 
tion,  the  effect  of  fracturing  around  the  opening  reduced  the  RQD  to 
60$,  and  the  deformation  modulus  to  1.4  x  10^  psi. 

In  Fig.  A.  10  the  deformation  moduli  have  been  plotted  against  the 
FQP's  determined  at  all  jack  test  locations.  The  Information  modulus 
(E^)  was  normalized  by  the  intact  modulus  (E^).  was  determined  from 

the  core  specimens  obtained  at  each  jack  test  location.  Variations  in 
E ^/Ej.  were  therefore  a  function  of  the  rock  mass  properties  and  not 
dependent  on  intact  properties.  (The  intact  modulus  was  approximately 
9  X  10^  psi  and  did  not  vary  greatly  across  the  site.) 

From  Fig.  A.  10  it  is  apparent  that  the  deformation  modulus  determined 

from  the  buried  gages  was  consistently  higher  than  the  modulus  obtained 

with  the  surface  gages.  Most  of  the  buried  gages  had  an  RQD  greater  than 

80$  and  E  /E,  greater  than  0.50.  Most  of  the  surface  gages  had  an 
r  x 

RQD  less  than  80$  and  E  /E,  less  than  0.60. 

r  x 

Even  though  the  undisturbed  granite  gneiss  at  Dworshak  was  an 
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Correlation  of  plate  jack  deformation  modulus  with  rock 
mass  quality,  Dworshak  Damsite 


excellent- quality  rock,  it  is  apparent  that  wide  variations  occurred  in 
the  deformation  modulus  determined  from  the  plate  jack  tests.  The  purpose 
of  the  in-situ  tests  was  to  determine  the  deformation  modulus  of  the  dam 
foundation.  However,  it  would  be  quite  difficult  to  estimate  a  deformation 
modulus  for  the  foundation  strictly  on  the  basis  of  the  jack  test  results, 
without  accounting  for  the  character  of  the  rock  and  the  local  geometry  in 
the  vicinity  of  the  jack  test  site.  The  'urface  gages  were  strongly 
affected  by  near-surface  fractures  caused  by  excavation  of  the  adits.  The 
modulus  determined  from  the  surface  gage  information  was  therefore  un¬ 
satisfactory  for  application  to  a  dam  foundation  having  a  much  higher  over¬ 
all  rock  mass  quality.  The  best  estimate  of  the  dam  foundation  modulus 
appears  to  be  the  modulus  determined  from  the  buried  gages.  The  KQJD  for 
these  gages  corresponds  most  closely  to  the  overall  quality  of  the  founda¬ 
tion.  By  entering  the  graph  in  Fig.  A.  10  with  the  average  RQD  determined 
from  exploratory  drilling  across  the  dam  foundation,  an  estimate  of  the 
foundation  deformation  modulus  can  be  obtained.  In  a  similar  manner,  the 
deformation  modulus  at  other  sites  can  be  determined,  if  the  relationship 
shown  in  Fig.  A.  10  can  be  assumed  to  have  general  applicability.  The 
average  BOP  of  75$  for  the  granite  cavity  was  substituted  into  this 
relation,  and  E was  determined  to  be  0.4. 

It  is  apparent  from  Fig.  A. 9  that  a  few  fractures  near  the  surface 
have  a  strong  effect  on  the  calculated  RQD.  The  plate  jack  stresses  such 
a  small  volume  of  rock  that  a  small  error  in  estimating  the  number  of  near¬ 
surface  joints  cun  cause  considerable  scatter  in  the  data  plotted  in 
Fig.  A. 10. 

Another  inaccuracy  in  the  rock  mass  quality  indices  is  that  they  do 
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not  account  for  the  thickness  of  the  Joints.  Most  ol’  the  fra-tu res  observe 
in  the  Dworshak  core  were  hairline,  but  some  were  slightly  open.  The 
slightly  open  joints  would  -ause  a  reduction  in  the  deformation  modulus, 
even  though  the  ROD  remains  high.  Slightly  open  Joints  wu-e  obse'rved  with 
a  borehole  camera  in  the  core  holes  beneath  the  plate  jacks  (Monahan,  1964) 
In  the  graph  of  Fig.  A. 10,  most  of  these  points  were  'concentrated  on  the 
right  side,  indicating  a  high  ROD  for  a  low  modulus.  A -counting  for  the 
open  joints  would  redu  e  the  ROD  and  result  in  a  better  fit  of  the  data. 


APPENDIX  B 

EXTENSOMETER  DISPLACEMENT-DEPTH  RELATIONS,  CAVITIES  I  AND  II 

The  displacement-depth  relations  for  the  extersometers  installed  in 
Cavities  I  and  II  are  presented  in  this  appendix.  The  extensometers  are 
designated  according  to  their  location  in  the  cavities  and  according  to 
the  number  assigned  upon  installation  of  the  unit.  For  example,  exten- 
someter  No.  II-D-1  (7SI)  is  located  in  Cavity  II,  on  the  plane  face  (D), 
and  is  referred  to  in  the  main  text  as  extensometer  II-D-1.  It  was  the 
seventh  extensometer  unit  installed  in  Cavity  II  and  is  a  multiple-position 
unit  (Si).  Extensometer  No.  I-D  (lUR)  is  located  in  Cavity  I  on  the 
plane  face  (D)  and  is  not  included  in  the  main  text.  It  was  the  fourteenth 
unit  installed  in  Cavity  I  and  is  a  single -position  extensometer  (r). 

The  anchor  depths  marked  with  an  asterisk  in  Figs.  B.l-B.32  indicate 
that  the  anchor  at  that  depth  was  not  functioning  properly;  therefore,  the 
readings  were  not  recorded. 

i 

Extensometer  units  were  installed  normal  to  the  cavity  surface,  unless 
otherwise  indicated  in  the  figure. 
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Fig.  B.20 
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EXTENSOMETER  1I-C-2  (1  2R) 
TYPE  SINGLE  POSITION 
ANCHORS  5,  10,  30,  SO  FT 
ELEVATION  6225 
DATE  INSTALLED  6  24  65 
FLOOR  ELEVATION  OF  CAVlTr 
WHEN  INSTALLED  6215 
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Fig.  B.?l 
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Three  large  rock-bolted  underground  cavities  were  constructed  at  the 
Nevada  Test  Site.  Two  of  the  cavities,  approximately  100  feet  in  diameter  and  llO 
feet  high,  were  constructed  at  a  depth  of  1300  feet  in  a  very  weak  tuff  of  excellent 
rock  mass  quality.  The  third  cavity,  approximately  60  feet  in  diameter  and  80  feet 
high,  was  constructed  at  a  depth  of  350  feet  in  a  jointed  granite  of  high  intact 
strength  and  fair  to  good  rock  mass  quality.  The  stability  of  the  cavities  was 
monitored  throughout  construction  by  measuring  rock  displacements,  observing  frac¬ 
tures  in  near-surface  rock,  and  observing  the  behavior  of  the  rock-bolt  support 
system.  Supporting  field  and  laboratory  tests  were  performed  in  order  to  evaluate 
Intact  and  in -situ  properties  of  the  rock  mass.  Radial  movement  of  the  cavities  was 
measured  using  extensometers  anchored  at  various  depths  in  holes  drilled  from  the 
cavity  surface.  Displacement  versus  depth  profiles  were  used  to  determine  the  depth 
at  which  rock  movement  was  concentrated.  By  comparing  rock  movement  with  excavation 
and  support  progress,  a  continual  estimate  of  the  cavity  stability  was  obtained. 
Lurre  displacements,  or  large  rates  of  displacement,  were  indicative  of  potentially 
unstable  behavior.  Displacements  were  compared  with  displacements  predicted  from 
elastic  theory,  using  a  finite  element  solution  and  simple  closed  solutions. 
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